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ABSTRACT 
A computer simulation of orbiter-to-orbiter remote probing of 
planetary atmospheres and ionospheres by radio waves has been 
performed, considering as baseline experiment configuration the 
parameters of the Viking mission to Mars and adopting similar 
orbital assumptions for a Venusian pair of orbiters. 
Three-dimensional models have been constructed for the atmo- 
sphere and ionosphere of Mars and Venus, based on the latest 
experimental evidence, and inclusive of horizontal gradients of 
various steepness. 
Orbiter-to-orbiter dual-frequency columnar measurements have 
been simulated, with a radio path that sweeps altitude spans from 
orbital heights to zero. 
The profiles of the original model have been reconstructed by 
inverting the columnar data using Abel transform and model match- 
ing. 
It has been proven that spatial resolution with cell size of 
600 km x 600 km x 1 km is achievable and that volumetric coverage 
of 90% of the atmosphere and ionosphere of the two planets can be 
performed with orbiting mission durations of approximately 180 
days. 
It was also shown that it is possible to obtain for Mars 
measurement accuracies of 2500 el/cc for ionospheric electron 
density and of 20.05 N-units for atmospheric refractivity. This 
can be achieved with reasonable computer time costs, when using 
for profile inversion either the Abel transform or the model 
matching. 
For the Venusian ionosphere, measurement accuracies and com- 
puter time costs are of the same order, while for the Venusian 
atmosphere, the Abel transform (because of the strong ray bending) 
leads to unacceptable errors and the model matching is very costly 
in terms of machine time. Profile inversion methods used in 
seismology were reviewed as potentially capable of contributing to 
the solution of the inversion of the Venusian atmospheric profile. 
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1. INTRODUCTION 
The plans formulated for planetary explorations of the 7 0 ' s  
include the simultaneous injection of pairs of orbiters around a 
planet. Mariner '71 and Viking (scheduled for 1973) are the first 
missions of this kind, both for the planet Mars. 
These configurations provide the opportunity of performing 
orbiter-to-orbiter radio occultation measurements that present 
specific advantages not found in orbiter-to-Earth occultation 
schemes. 
In principle, all regions of the planet can be probed by this 
new scheme and repetitive refractivity measurements can be per- 
formed over any region to provide temporal variations on a global 
scale. Insensitivity to fluctuations in the refractive character- 
istics of the interplanetary medium which can effect single 
orbiter-to-Earth propagation paths is assured. A l s o  effects of 
the Earth's own ionosphere and atmosphere are eliminated. 
The aim of the experiment is the measurement of the ionospheric 
and atmospheric refractivity from which the planet's atmospheric 
and ionospheric densities may be derived. 
The basic observables are the doppler shifts effecting a two- 
frequency probing link established between the two orbiters. 
The dispersive and nondispersive doppler components can be 
obtained by removing the range-rate doppler from the total doppler, 
and by resolving the residuals into atmospheric and ionospheric 
components. 
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Columnar refractivity measurements can then be converted to 
radial profiles. The conversion can be performed using the 
classical Abel transform, model matching methods, or other inver- 
sion algorithms (Ref. 1, 2, 3 ,  4, 5 ,  6 ,  7 ,  8 ,  9 ,  13, 14, 15,  1 6 ) .  
The columnar measurements are integral measurements, but they 
do resolve horizontal gradients on the scale to be expected in a 
planet's atmosphere and ionosphere. At surface level, measurable 
horizontal gradients span over a range of a few degrees and there- 
fore the method is able to resolve most of the expected day-side/ 
night-side transitions, both for Mars and Venus. 
For Mars, expected accuracies of the refractivity measurements 
are better than +500 el/cc for the ionospheric electron density 
(plus a 5% processing error incurred in the profile inversion) 
and better than k0.05 N-units for the atmospheric refractivity 
(plus, again, a 5% processing error). For the Venusian atmosphere, 
where strong ray bending occurs, the Abel transform leads to un- 
acceptable errors and the model matching is very expensive in 
terms of machine time. 
Spatial resolution was chosen to have cell dimensions 600 km 
x 600 km x 1 km height. These dimensions are the ones recommended 
by GARP (Global Atmospheric Research Program) for meteorological 
grids on Earth. 
Typically, for a planet like Mars, volumetric coverage of 90% 
of the planet's atmosphere and ionosphere can be performed in 
180 days: 45% in 90 days. 
The atmospheric and ionospheric refractivity data can be con- 
verted directly into electron density data and, with the help of 
information on temperature and constituents obtained from other 
sources, neutral density profiles may also be derived. 
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2. ORBITER-TO-ORBITER RADIO PROBING 
OF PLANETARY ATMOSPHERES AND IONOSPHERES 
2 . 1  EXPERIMENT CONCEPT 
The genera l  dynamical geometry of t h e  o r b i t e r - t o - o r b i t e r  
scheme and the o r b i t a l  parameters of t h e  two veh ic l e s  must be 
chosen such t h a t  t h e  l i n e  of s i g h t  between t h e  two veh ic l e s  
p e r i o d i c a l l y  sweeps through t h e  p l a n e t ' s  atmosphere f i r s t  i n  a 
descending d i r e c t i o n ,  then  a f t e r  c u t t i n g  through t h e  p l a n e t ,  
emerges on the oppos i te  s i d e  i n  an ascending d i r e c t i o n .  Radio 
s i g n a l s  between t h e  o r b i t e r s  propagate,  t h e r e f o r e ,  through pa ths  
whose po in t  of c l o s e s t  approach t o  t h e  p l a n e t  ( o f f s e t  p o i n t )  
a l t e r n a t e l y  sweeps through nea r -ve r t i ca l  columns i n  t h e  atmosphere 
and ionosphere. The region of i n t e r e s t  f o r  t he  probing experiment 
l i e s  between the  p l a n e t ' s  su r f ace  and 1000 km a l t i t u d e ,  a she l l  
wherein a l l  s i g n i f i c a n t  atmospheric and ionospheric phenomena 
occur. Thus, f o r  each sweep through t h e  p l a n e t ,  columnar r e f r ac -  
t i v i t y  measurements, taken i n  a manner t o  be descr ibed below, 
w i l l  provide a set  of da ta  which can be converted t o  a r a d i a l  
p r o f i l e  f o r  the  r e f r a c t i v i t y  wi th in  t h e  column. 
The experiment r equ i r e s  a two-frequency, two-way phase-locked 
l i n k  between the  f i r s t  and t h e  second o r b i t e r .  S u i t a b l e  frequency 
values  f o r  Martian and Venusian missions could be a l l o c a t e d  i n  
t h e  v i c i n i t y  of 400 and 2000 MHz. Each of t h e  o r b i t e r s ,  by ground 
command, can be made t o  funct ion a s  "mother," i n i t i a t i n g  the 
probing opera t ion  w i t h  t h e  r a d i a t e d  frequencies  locked t o  the 
2200 MHz DSN two-way l i n k  from Earth-to-mother. The  second 
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orbi ter  ("daughter")  i s  s laved t o  the  phase of t he  s i g n a l s  re- 
ceived from t h e  mother. The mother must  be v i s i b l e  from t h e  Ear th  
while  measurements a r e  performed: t h e  daughter may not .  
L e t  u s  consider  the case t h a t  bothsthe mother and daughter 
a r e  v i s i b l e  from Ear th ,  b u t  a r e  not  mutually v i s i b l e .  The mother 
i s  locked i n  phase w i t h  t h e  Earth clock v i a  t h e  2200 MHz DSN l i n k ,  
t he  daughter has t h e  two VCO's (va r i ab le  frequency o s c i l l a t o r s )  
i n  t h e  PLL (phase-locked loop) of t h e  two-frequency transponder 
i n  "free-running" ope ra t ion ,  bu t  t h e i r  frequency is  monitored on 
Earth v i a  the  2200 MHz l i n k  used a s  te lemetry.  
When eventua l ly  (because of the d i f f e r e n t  o r b i t a l  v e l o c i t i e s )  
the  r ad io  v i s i b i l i t y  between the  t w o  o r b i t e r s  i s  nea r ly  e s t ab l i shed  
( s i t u a t i o n  of o c c u l t a t i o n  " e x i t " )  , by ground adjustment the two 
probing f requencies  r a d i a t e d  by  t h e  mother a r e  moved t o  match t h e  
VCO f requencies  i n  the  daughter and closed-loop opera t ion  between 
the two o r b i t e r s  i s  obtained i n  a f r a c t i o n  of a second, with 
consequent a c q u i s i t i o n  of accura te  da t a  f o r  t h e  c e l l s  i n  the  lower 
depths of the  p l a n e t ' s  atmosphere. Phase comparison between t h e  
s i g n a l  provided by t h e  daughter and the  l o c a l  Earth-locked refer- 
ence is  done on t h e  mother and the da ta  a r e  then encoded and 
t ransmi t ted  t o  Earth.  Eventual ly ,  a f t e r  t h e  probing of a he ight  
span of the p l a n e t ' s  envelope, t h e  l i n k  r eve r ses  toward a new 
o c c u l t a t i o n  event ,  and a t  " en t ry"  t h e  lower depths of t h e  atmo- 
sphere a r e  again probed w i t h  no loss of con t inu i ty  i n  the phase 
lock between mother and daughter.  
Let  us  now consider  t he  case  t h a t  only one o r b i t e r  i s  v i s i b l e  
from Earth.  This o r b i t e r  must then be chosen t o  be t h e  mother: 
t h e  second orbi ter  (daughter) can again be or not  be wi th in  r a d i o  
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visibility with the mother. If it is, the operation is as follows: 
the mother is phase-locked to Earth, the daughter with the mother, 
and the mother transmits the experiment data to Earth until an 
event of occultation entry occurs. If it is not, at occultation 
exit probing starts again with degraded performances until mother- 
daughter phase lock is fully achieved. This "lock-in" time can 
be reduced by monitoring the VCO's of the daughter for the time 
interval in which this orbiter is in view of the Earth, with a 
procedure similar to the one described above. The frequency of 
occurrence of this unfavorable condition is made negligible by 
appropriate choice of the orbits. 
At each of the probing frequencies, f and f2, the overall 1 
doppler is characterized by the following components: 
a. A geometric component (range rate) due to the relative 
motion of the two terminals; 
b. A dispersive component due to propagation in the 
ionosphere; 
c. A nondispersive component due to propagation in the 
atmosphere. This component is indistinguishable from true range- 
rate doppler. This latter rate must therefore be determined 
independently. 
Once the doppler residuals are obtained, profile inversion 
algorithms (Abel transform, model matching, etc.) are applied to 
the columnar measurements and two radial profiles N (r) and N2(r) 
of the total refractivity of the planet's atmosphere and ionosphere 
are obtained at the frequencies f 1 
1 
and f2. 
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From t h e s e  p r o f i l e s ,  e l e c t r o n  dens i ty  N e ( r ) J  and atmospheric 
r e f r a c t i v i t y  N ( r ) ,  can be obtained a s  follows: 
a 
N e ( r )  = 24,800 M I ( r )  x I O o 6  el/cc 
where 
This i s  done by assuming t h a t  on t h e  p l ane t  the magnetic f i e l d  
i s  n e g l i g i b l e  and ionospheric r e f r a c t i v i t y  i s  the re fo re  s o l e l y  a 
funct ion of e l e c t r o n  conten t ,  N e ( r ) .  
The i n t e r p r e t a t i o n  of t h e  atmospheric r e f r a c t i v i t y  p r o f i l e ,  
N a ( r )  , i n  terms of atmospheric parameters l i k e  pressure  and temp- 
e r a t u r e  i s  more involved and r equ i r e s  the  in t roduct ion  of assump- 
t i o n s ,  or t h e  u t i l i z a t i o n  of measurements, which a r e  no t  der ived 
from the  r a d i o  o c c u l t a t i o n  experiment outcomes. 
sequence of s t eps  i n  t h i s  process ,  and w i t h  the  genera l  assump- 
t i o n  of dea l ing  w i t h  an isothermal atmosphere, i s  t h e  following: 
A possible 
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a. Determination of the atmospheric Direct experimental 
refractivity (N-units) evidence 
b. Determination of the atmospheric Direct experimental 
scale height (obtained from the evidence 
slope of the refractivity 
profile), km 
c. Atmospheric temperature, OK 
d. 
e. 
f. 
4. 
Assumption (or measure- 
ment otherwise done) 
Atmospheric average molecular Deduction from b and c 
weight 
Atmospheric composition 
Atmospheric refractivity 
coefficient, OK/rnb 
Assumption (or measure- 
ment otherwise done) , 
consistent with d 
Deduction from e 
Atmospheric pressure, mb Deduction from a, c, f. 
The removal from the process of Assumptions c and e requires 
the performance of measurements (not included in the radio occul- 
tation experiment) capable of providing the temperature and the 
atmospheric composition profiles. 
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2.2 ORBITAL MECHANICS ANALYSIS AND LATITUDE/LONGITUDE COVERAGE 
2.2 e 1 INTRODUCTION 
This section presents the results of a parametric study to 
determine the influence of orbital geometry on the coverage char- 
acteristics of dual-satellite refractivity experiments about Mars 
and Venus. 
Since dual-satellite missions are already planned about the 
planet Mars, the investigation was concentrated in this area. 
The approximate size of the orbits investigated was based on pre- 
liminary estimates for the 1971 and 1973 Mars missions. 
The parameters defining the orbits of each of the two satel- 
lites, as shown in Figure 2-1, are the periapsis height (h ) ,  
the apoapsis height (h ) ,  the inclination of the orbit to the 
equator (i), the argument of periapsis (a), and the right ascen- 
sion of the ascending node ( a ) .  
P 
a 
The orbital parameters for the fifteen cases investigated in 
this study are listed in Table 2-1. It will be noticed that the 
apoapsis heights of the two satellites are slightly different in 
all the cases. This results in a small period difference which 
allows the relative position of the two satellites to slowly 
change. This characteristic greatly enhances the coverage of 
dual-satellite refractivity experiments. After some time, which 
is referred to here as the "cycle time," the satellite with the 
smaller orbital period ''laps" the slower satellite, and then the 
cycle is repeated with only slight differences caused by orbital 
perturbations e 
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h a .  A P O A P S I S  H E I G H T  
h p - P E R I A P S I S  H E I G H T  
i = I N C L I N A T I O N  
W: A R G U M E N T  OF P E R l A P S l S  
a= R I G H T  ASCENSION OF ASCENDING NODE 
X -  I N E R T I A L  R E F E R E N C E  D I R E C T I O N  
Figure  2-1 O r b i t a l  Geometry 
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TABLE 2-1 
CASES FOR PARAMETRIC ORBITAL ANALYSIS 
- km h - km h - km ha - km 
al p2 2 
I I 
1 2 , 0 0 0  10,000 2 , 0 0 0  10,000 
+ 300 
2* 2,000 15,000 2,000 15,000 
3 2 , 0 0 0  2 0 , 0 0 0  2 ,000  20 ,000  
+ 300 
4 2,000 15,000 2,000 15,000 
5 2,000 15,000 2,000 15,000 
+ 900 
6 2,000 15,000 2,000 15,000 
+ 300 
7 2,000 15,000 2,000 15,000 
+ 300 
8 2,000 15,000 2,000 15,000 
9 1 2,000 I 15,000 I 2,000 1 15,000 
10 2,000 15,000 2,000 15,000 
+ 300 
11 2,000 15,000 2,000 15,000 
12 2,000 15,000 2,000 15,000 
+ 300 
13 2,000 15,000 2,000 15,000 
15,000 2 , 0 0 0  15,000 
15,000 2,000 15,000 
* Nominal Case 
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The positions of the two satellites and the resulting cover- 
age data were generated by a Raytheon computer program called 
"Electromagnetic Orbiter." The program solves for satellite 
position in closed form and includes the first order oblateness 
perturbations. After calculating the position of both satellites, 
the program determines the position of the "path offset point" 
which is the point along the line of sight between the two satel- 
lites closest to the center of the planet. This path offset point 
is the reference point for the refractivity data. 
2.2.2 MARS COVERAGE 
Of the fifteen cases investigated, the first nine cases have 
the satellites in coplanar orbits for the purpose of studying the 
effect of in-plane parameters on the coverage characteristics. 
In the remaining six cases, the satellites are in non-coplanar 
orbits in order to determine the effect of relative out-of-plane 
parameters on the distribution of coverage in terms of right 
ascension and latitude. 
2.2.2.1 Coplanar Orbits 
For the coplanar cases, the coverage characteristics are pre- 
sented by plotting the distance of the path offset point from the 
center of the planet (or, more simply, the "path offset") versus 
the in-plane angle. A typical example of these plots is shown in 
Figure 2-2. The data is shown only when the path offset is be- 
tween the surface of Mars and 1000 kilometers altitude, and, 
since the common orbital plane for these cases was chosen to be 
the Martian equatorial plane, the in-plane angle is simply the 
right ascension. As can be seen from the figure, the coverage 
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Er 
begins at 1.279 days with an incomplete probing at the center of 
the top half of the graph. This continues to become a pair of 
"verticals" which spread outward on the plot. At 4.817 days an 
additional pair of verticals commence at the edges of the plot 
and spread inward. The coverage alternates among the four verti- 
cals. At about 6.5 days the two pairs of verticals overlap and 
the plot is continued at the bottom of the figure for the sake of 
clarity. The first pair of verticals cease at 8.868 days and the 
coverage is continued with the remaining pair until 12.095 days. 
Not all the probing of the path offset point which is shown 
in Figure 2-2 is useful to the refractivity experiment. First, 
the path offset should travel through the entire altitude band of 
interest. Secondly, the "verticals" should be as near vertical 
as possible in order to keep the experiment resolution cell as 
small as possible. A travel in right ascension of 10 degrees 
during a pass through the altitude band was assumed to be the 
maximum allowable for a useful vertical. 
The first three coplanar cases investigate the effect of a 
variation in the apoapsis altitude (h ) of both satellites, The 
data for these cases is presented in Figures 2-2 to 2-4. As can 
be seen from the figures, an increase in apoapsis altitude de- 
creases the spacing between verticals and also decreases the right 
ascension travel during individual verticals. Although the num- 
ber of verticals per cycle increases with increasing apoapsis 
altitude, the cycle time also increases so that the number of 
verticals per day does not greatly change. The maximum number of 
verticals per day occurs at the intermediate value of apoapsis 
altitude. The percentage of right ascension covered by useful 
verticals increases with increasing apoapsis altitude. 
a 
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The v a r i a b l e  parameter i n  Cases 2 ,  4 and 5 i s  the d i f f e r e n c e  
i n  apoapsis a l t i t u d e  (Ah ) between t h e  t w o  s a t e l l i t e s .  Figures  
2-3, 2-5 and 2-6 show t h a t  an inc rease  i n  Ah inc reases  the  spac- 
i n g  between ad jacent  v e r t i c a l s  b u t  does not  change t h e  r i g h t  
ascension t r a v e l  during ind iv idua l  v e r t i c a l s .  An inc rease  i n  Ah 
inc reases  t h e  per iod d i f f e r e n c e  between the  s a t e l l i t e s  so t h a t  
t h e  cycle  t i m e  decreases .  However, t he  number of v e r t i c a l s  de- 
c reases  j u s t  a s  r a p i d l y  so t h a t  t h e  number of v e r t i c a l s  p e r  day 
does n o t  change wi th  a change i n  Ah . T h e  percentage of r i g h t  
ascension covered by u s e f u l  v e r t i c a l s  a l s o  does no t  change s ig-  
n i f i c a n t l y  wi th  a change i n  Ah,. 
a 
a 
a 
a 
I n  Cases 2 ,  6 ,  7 and 8 ,  the effect  of t h e  r e l a t i v e  in-plane 
o r i e n t a t i o n  of t h e  two s a t e l l i t e  o r b i t s  i s  inves t iga ted .  The 
r e l a t i v e  argument of pe r igee  (Am) i s  var ied  w h i l e  t h e  s i z e  of the 
orb i t s  is held constant .  A s  shown i n  Figures  2-3 and 2-7 t o  2-9, 
t h e  average spacing between v e r t i c a l s  i nc reases  w i t h  increas ing  
Am. The r i g h t  ascension t r a v e l  during ind iv idua l  v e r t i c a l s  a l s o  
increases  with inc reas ing  Am u n t i l ,  a t  a r e l a t i v e  argument of 
per igee  of 180 degrees ,  no u s e f u l  v e r t i c a l s  ( r i g h t  ascension 
t r a v e l  less than 10  degrees) a r e  obtained. T h e  number of use fu l  
v e r t i c a l s  p e r  cyc le  decreases  with increas ing  no, and, s ince  the  
cyc le  t i m e  i s  cons t an t  for these cases ,  t h e  number of v e r t i c a l s  
p e r  day a l s o  decreases .  The percentage of r i gh t  ascension covered 
by use fu l  v e r t i c a l s  increases  with increas ing  Am, b u t ,  a t  a Am of 
180 degrees ,  no coverage i s  obtained.  
The f i n a l  coplanar case (Case 9 )  i s  t h e  same as  the  nominal 
case  (Case 2 )  except t h a t  i n  Case 9 one of t h e  s a t e l l i t e s  t r a v e l s  
i n  i t s  o r b i t  i n  a d i r e c t i o n  oppos i te  t o  t h a t  of t h e  o the r .  The 
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d a t a  f o r  t h i s  "retrograde" case  i s  shown i n  Figure 2-10 and i s  
p l o t t e d  i n  a manner s l i g h t l y  d i f f e r e n t  f rom previous cases .  Four 
v e r t i c a l s  pe r  o r b i t a l  per iod  of t he  s a t e l l i t e s  occur throughout 
t h e  cyc le  moving from l e f t  t o  r i g h t  on t h e  p l o t s .  Since two p a i r s  
of  t h e  v e r t i c a l s  a r e  so c l o s e l y  spaced during t h e  e n t i r e  cyc le ,  
t h e  da ta  has  been s p l i t  i n t o  t w o  p l o t s .  Each p l o t  shows h a l f  of 
t h e  coverage f o r  t h e  whole cycle .  The average spacing between 
v e r t i c a l s  i n  t h e  re t rograde  case  i s  the  same a s  the  spacing i n  
t h e  nominal case.  However, t he  r i g h t  ascension t r a v e l  during 
ind iv idua l  v e r t i c a l s  i s  much smaller  f o r  t h e  re t rograde  case.  
The re t rograde  case  y i e l d s  s i g n i f i c a n t l y  more v e r t i c a l s  pe r  cyc le ,  
and, s ince  the cyc le  t i m e  i s  the  same f o r  bo th  cases ,  t he  retro- 
grade case  a l s o  g ives  more v e r t i c a l s  pe r  day than t h e  nominal case.  
F i n a l l y ,  t h e  re t rograde  case provides 100% coverage i n  r i g h t  as- 
cension each cycle .  
2 . 2 . 2 . 2  Non-Coplanar O r b i t s  
For t h e  non-coplanar cases ,  the  coverage c h a r a c t e r i s t i c s  a r e  
presented by p l o t t i n g  the r i g h t  ascension and l a t i t u d e  of t h e  
pa th  o f f s e t  po in t  whenever t h e  pa th  o f f s e t  i s  equal t o  t h e  r ad ius  
of the  p l a n e t  Mars ( i . e . ,  a t  those t i m e s  when an occu l t a t ion  of 
the s a t e l l i t e s  by Mars i s  j u s t  beginning o r  ending) .  The pa th  
o f f s e t  p o i n t ,  a t  t hese  o c c u l t a t i o n  t imes,  i s  equiva len t  t o  t h e  
grazing p o i n t  of t he  l i n e  of s i g h t  between the s a t e l l i t e s .  T h e  
p o i n t s  shown on the  p l o t s  a r e  numbered i n  t h e  order  of t h e i r  
occurrence wi th  t h e  t i m e  i n  days given f o r  some of t h e  po in t s .  
The f i rs t  two non-coplanar cases  (Cases 1 0  and 11) i n v e s t i g a t e  
t h e  effect  of t h e  r e l a t i v e  i n c l i n a t i o n  ( A i )  between t h e  two 
s a t e l l i t e  o r b i t s .  I n  Case 1 0 ,  t h e  orbi ts  have an i n c l i n a t i o n  of 
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15 degrees with a relative inclination of 30 degrees while, in 
Case 11, the orbits are inclined at 30 degrees with a relative 
inclination of 60 degrees. As can be seen from Figures 2-11 and 
2-12, an increase in Ai decreases the number of occultations per 
cycle while increasing the percentage of latitude covered. Since 
the cycle time is constant for all the non-coplanar cases, an in- 
crease or decrease in the number of occultations per cycle is 
equivalent to an increase or decrease in the number of occultations 
per day. 
In Cases 12-14, the variable parameter is the relative right 
ascension of the ascending node (AQ) between the two satellite 
orbits. The inclination of both orbits is 15 degrees in all three 
cases. Figures 2-13 to 2-15 show that the latitude coverage in- 
creases with an increase in &J while the number of occultations 
per cycle decreases. 
The final non-coplanar case (Case 15) is a combination of a 
previous non-coplanar case and a previous coplanar case. The 
relative right ascension of the ascending node (m) between the 
two orbits is equal to 45 degrees as in Case 12, and, in addition, 
there is a relative argument of perigee (Am) between the two 
orbits of 45 degrees as in Case 6. The coverage distribution of 
Case 15, as shown in Figure 2-16, is very similar to that of 
Case 12, except for a reduction in the number of occultations per 
cycle from 136 to 114. A comparison of Case 6 (Am = 45 degrees) 
with the nominal coplanar case (Case 2, Au, = 0) a lso  shows a de- 
crease in the number of occultations, although a smaller one 
(from 140 to 134). 
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2.2.2.3 Summary of Coveraqe 
A summary of the coverage of the planet Mars provided by a 
dual-satellite occultation experiment is given in Table 2-2 for 
the nine coplanar and six non-coplanar cases investigated in this 
study e 
For the coplanar cases, two important coverage parameters are 
the number of verticals per day and the right ascension coverage. 
The retrograde case (Case 9) is the best with regard to both of 
these parameters. If the retrograde case is not achievable, then 
an intermediate apoapsis altitude (h ) and a small relative argu- 
ment of perigee (Am) are desirable to maximize the number of 
verticals per day, while a high h and an intermediate Am are de- 
sirable to maximize the right ascension coverage. 
a 
a 
The spacing and slope of the verticals are also important 
parameters since they determine the resolution of the refractivity 
experiments. Table 2-2 shows that the retrograde case would allow 
for the smallest resolution cell size. 
For the non-coplanar cases, the two important coverage 
parameters are the number of occultations per day and the latitude 
coverage. A small relative inclination (Ai) and a small relative 
right ascension of the ascending node (AQ) are desirable to maxi- 
mize the number of occultations per day, but a large Ai and a 
large AQ are desirable to maximize the latitude coverage. 
2.2.3 VENUS COVERAGE 
In order to study the effect of variations in the orbital 
parameters on the coverage of a refractivity experiment about the 
planet Venus, coverage data were generated for the identical 
orbital conditions that were examined for Mars. 
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The f i r s t  approach followed was t h e  a p p l i c a t i o n  of " sca l ing  
r u l e s "  t h a t  a d j u s t  t h e  t i m e ,  speed, a c c e l e r a t i o n  and coverage 
about one p l a n e t  t o  another.  However, l a t e r  i n  t h e  study it  was 
found more e f f i c i e n t  to  genera te  t h e  da t a  f o r  each p l a n e t  separ- 
a t e l y .  The a b i l i t y  t o  s c a l e  coverage da ta  f r o m  Mars t o  Venus i s  
discussed i n  t h e  next  s e c t i o n  and t h e  r e s u l t s  f o r  one case  a r e  
presented.  
In  order t o  examine the  s c a l i n g  method, t h e  same s i z e  orb i t s  
had t o  be assumed about both Mars and Venus. Since t h e  o r b i t a l  
parameters w e r e  chosen based on prel iminary da t a  on Mariner and 
Viking missions t o  Mars, t he  orb i t s  have a p e r i a p s i s  he ight  above 
Mars of 1000 km o r  a corresponding p e r i a p s i s  r ad ius  of 4400 km. 
When these  same o r b i t s  a r e  appl ied  t o  Venus, t h e y  a r e  u n r e a l i s t i c  
s i n c e  p e r i a p s i s  l i e s  below t h e  sur face  of Venus (r = 6050 km). 
I n  s p i t e  of t h i s  de f i c i ency ,  i t  was decided t o  p re sen t  d a t a  f o r  
t h e  same o r b i t s  about Venus because 1) t h e  f e a s i b i l i t y  of t h e  
ex t r apo la t ion  technique could be examined, 2 )  comparisons of 
coverage between t h e  t w o  p l a n e t s  f o r  i d e n t i c a l  o r b i t a l  condi t ions  
could be made, and 3)  any increase  i n  t h e  p e r i a p s i s  r ad ius  i n  
order  t o  make t h e  o r b i t s  compatible w i t h  Venus would no t  represent  
r e a l i s t i c  o r b i t s  when c u r r e n t l y  planned o r b i t a l  missions t o  Mars 
a r e  considered. 
? 
2 . 2 . 3 . 1  Sca l inq  Methods 
Computations performed p r i o r  t o  t h e  incept ion of t h i s  c o n t r a c t ,  
d i d  show t h a t  w i t h  i d e n t i c a l  o rb i t s ,  t he  elapsed t i m e  a t  a g'iven 
r e l a t i v e  p o s i t i o n  of the  Venusian o r b i t e r s  would be reached i n  
approximately one-third (0.364) of t he  t i m e  t h e  i d e n t i c a l  p o s i t i o n  
i s  reached by the  Martian orbiters;  t h a t  t h e  Venusian o r b i t e r s  
2-31 
t r a v e l  2.75 t i m e s  f a s t e r  than the  Martian o r b i t e r s  and geometric 
doppler between orbiters must be sca led  by t h i s  same f a c t o r ;  and 
t h a t  t h e  Venusian o r b i t e r  experiences an i n e r t i a l  acce le ra t ion  
7.57 t i m e s  t h a t  of t h e  Martian orbi ter .  These "sca l ing  f a c t o r s "  
enable  da ta  generated f o r  Mars t o  be d i r e c t l y  appl icable  t o  Venus 
simply by a change i n  s c a l e  and/or t i m e .  
The coverage da ta  presented here in  c o n s i s t s  of t he  pa th  o f f -  
se t  versus  t h e  r i g h t  ascension of t h e  pa th  of fse t .  The excursions 
made by t h e  pa th  o f f s e t  depend upon t h e  geometry of t h e  o r b i t s .  
Since t h e  geometry i s  i d e n t i c a l  about both p l a n e t s  t he  excursions 
made by t h e  o f f s e t  i n  d i s t ance  and r i g h t  ascension a r e  t h e  same 
except f o r  t he  r a t e  a t  which t h e  coverage i s  descr ibed.  I f  t h e  
coverage d a t a  from Mars and Venus a r e  p l o t t e d  on a common o r d i n a t e ,  
t h e  da ta  should appear continuous between the  two regions of 
coverage. Figure 2-17 i s  a p l o t  of t h i s  da t a .  
Figure 2-17 was generated by combining t h e  da ta  from Figures  
2-2 (Mars) and 2-18 (Venus). It  i s  seen t h a t  corresponding l i n e s  
f a r e  smoothly together .  The f i r s t  loop shown a t  the  top  cen te r  
of t h e  Mars da t a  i s  no t  shown i n  t h e  region of Venus coverage 
s ince  i n  t h a t  region t h e  o f f s e t  p o i n t  i s  ou t s ide  t h e  l i n e  jo in ing  
t h e  s a t e l l i t e s  and hence not  considered v a l i d  da ta .  The da t a  
shows t h a t  curves of complete o f f s e t  motion about one p l a n e t  can 
be used to  descr ibe  coverage geometry about another  p l a n e t  pro- 
vided the t i m e  i s  sca led  and c o n s t r a i n t s  such  a s  t h e  p l a n e t  r a d i u s ,  
a s  encountered he re in ,  a r e  avoided. 
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2.2.3.2 Data 
The coverage d a t a  fo r  t h e  same cases  a s  w e r e  run for Mars a r e  
presented i n  Figures 2-18 t o  2-32. The m o s t  s i g n i f i c a n t  d i f f e r -  
ence between these  cases  and t h e  Mars cases  is  t h e  loss  of cover- 
age i n  r i g h t  ascension because of t h e  widening of t h e  dead zone 
between a reas  of ad jacent  coverage due t o  the  increase  i n  rad ius .  
2.2.4 CONCLUSIONS 
A s  a r e s u l t  of t h e  o r b i t a l  mechanics a n a l y s i s ,  t h e  following 
conclusions can be made: (1) the  h ighly  e c c e n t r i c  dua l -orb i te r  
missions c u r r e n t l y  planned about Mars a r e  uniquely s u i t e d  t o  dual- 
s a t e l l i t e  r e f r a c t i v i t y  experiments, ( 2 )  experiment coverage i s  
maximized by having one s a t e l l i t e  i n  a posigrade o r b i t  while  the  
other i s  i n  a r e t rog rade  o r b i t ,  and ( 3 )  experiment coverage is  
not  s e r i o u s l y  degraded by wide v a r i a t i o n s  i n  r e l a t i v e  o r b i t a l  
parameters. 
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2 . 3  PROFILE INTERS ION METHODS 
A comparative study was performed of various profile inver- 
sion methods applicable to the doppler residuals obtained from 
radio occultation experiments. The aim of the inversion is to 
construct radial refractivity profiles of a planet's atmosphere 
and ionosphere along several verticals distributed around the 
planet. 
Some of the techniques that were taken into consideration are 
based on the Abel transform, the model matching, the Herglotz- 
Wiechert and the Gerver-Markushevich methods. The study has con- 
centrated on the first two methods. It has initiated the evalua- 
tion of the last two, widely used in seismology, by identifying 
the problem areas associated with their use in radio occultation 
measurements. 
The comparison criteria were the ease of implementation, the 
accuracy, and the machine time requirements. 
A ray tracing computer simulation of a radio occultation 
experiment with models of the Martian and Venusian atmospheres 
and ionospheres was performed to generate electromagnetic ray 
paths between two satellites orbiting outside the planet's atmo- 
sphere. Corresponding phase delays were calculated and then used 
to test the two inversion techniques mentioned above. This same 
ray tracing program was a l s o  used in conjunction with those in- 
version methods which required iterative procedures. The study 
concentrated mostly on the profile inversion of the atmosphere 
of the two planets, inasmuch as the inversion for the ionosphere 
presents a lesser degree of difficulty. 
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2.3.1 THE ATMOSPHERIC AND IONOSPHERIC MODELS OF VENUS AND MARS 
The models presented  here  have been cons t ruc ted  on the  b a s i s  
of information contained i n  t h e  l i t e r a t u r e  and r epor t ing  the  re- 
s u l t s  of t h e  Mariner 4 and 5 experiments (References 1-8). This  
information d i d  r ep resen t  t h e  s t a t e  of t he  knowledge of Mars and 
Venus a t  t h e  t i m e  t h a t  t h i s  program was undertaken. 
2.3.1.1 The Atmospheres of Mars and Venus 
The atmospheric model of Mars i s  presented i n  Figure 2-33. 
This  model was der ived  using d a t a  found i n  References 1 and 7 and 
f i t t e d  by t h e  following set  of polynomials a s  a func t ion  of he ight  
above Mars. The model i s  s p h e r i c a l l y  symmetric. 
S e t  R = 3381 km, t h e  r ad ius  of Mars 
0 
R = t h e  geocent r ic  ray he igh t  above Mars 
and H = R - R o  
then IF 3381 < R 5 3392 ( a l l  he igh t s  i n  ki lometers)  
Elec t ron  Density (EN) = 4.08108 - .283784H 
p = EN x + 1 
and -.283734 x l o +  
or IF  3392 < R 3426 
2 
EN = 1.84118 - .0879739H + .00104575H 
-6 
p = E N x 1 0  + 1  
l o m 6  [ -. 0879739 + 2 (. 00104575)Hl 
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For Venus the data pertaining to the lower atmosphere were 
too sparse to be fitted meaningfully. For this reason, below 
46 km we adopted an exponentially decaying model with 20,000 
N-units at the base. The refractivity, 20,000 N-units, is con- 
sistent with the assumption that the Venus atmosphere contains 
solely carbon dioxide. That portion of the Venus model above 
46 km is based on data given in Reference 6. A graph of the en- 
tire curve is given in Figure 2-34. The model is spherically 
symmetric. The following mathematical models describe the two 
layers. 
Let R = geocentric height of ray above Venus 
then if 6056" < R < 6102 
EN = e X 
where x = 6.907755279 + .06(6102 - R) 
1.1 = 1 + EN x lom6 
and X -6 = -.06 e x 10 dR 
If 6102 9 R 6140 
let H = R - 6100 
then E N  = lox 
2 where x = 3.0485468 - .021934611H - .0011693913H 
-6 I.I = 1 + E N x 1 0  
and = lox (2.302585043) Y x aR 
where Y = -.021934611 - 2 (.001169313)H 
* There has been considerable controversy associated with the 
radius of Venus. 6056 km is an average of the most often 
mentioned figures. 
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2.3.1.2 The Ionosphere of Mars and Venus 
For the ionospheres of Mars and Venus sufficient data were 
available so that electron density profiles could be constructed 
at the subsolar point, at midnight and at the day-to-night trans- 
ition (Figures 2-35 to 2-38) .  On the basis of these profiles, 
full three-dimensional models covering both planets were con- 
structed. Figures 2-39 and 2-40 illustrate the variations of 
N 
models exhibit cylindrical symmetry around the subsolar point, 
and are characterized by three distinct regions: day side, night 
side, and day/night transition. The models are characterized by 
variable horizontal gradient widths at the transition point, 
variable electron density over the horizontal gradients, and by a 
parametric capability to be easily altered to incorporate newly 
recovered data . 
and H versus arc distance from the subsolar point. These max max 
The sparse amount of data available on the latitudinal and 
longitudinal dependence of the Martian and Venusian ionospheres 
required some estimates as to the adopted model for the three- 
dimensionality. Because data in both planets were available at 
only two points (one near noon and one near midnight), some 
assumptions had to be made. The assumptions are: 
a. The ionospheric profile at a given vertical is a 
function only of the arc distance from the subsolar point. 
b. The variation of electron densities with height 
follows the Chapman profile (Reference 10). 
c. The day-to-night transition occurs at 90 degrees from 
the subsolar point. 
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F i g u r e  2-35 Mars: Elec t ron  Density Profile at Subsolar  Point 
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Mars: E lec t ron  Densi ty  P r o f i l e  a t  a V e r t i c a l  Located a t  Sunrise/ 
Sunset i n  t h e  Center of a 7 . 5  Degree Horizontal  Gradient. The 
Midnight P r o f i l e  i s  Also Included. 
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d. The ho r i zon ta l  g rad ien t  is  centered  a t  90 degrees 
from t h e  subsolar  po in t .  
e. The night-s ide F N remains cons tan t .  
f .  
2 max 
The night-s ide and the  day-side F2Hmax a r e  the  same. 
g. The model from 180 degrees to  360 degrees is t h e  
mir ror  image of t h e  model from 0 degrees t o  180 degrees ,  subsolar  
pos i t i on  being a t  0 degrees.  
Along every v e r t i c a l ,  t h e  Chapman model is  cha rac t e r i zed  by 
t h e  following equation: 
1 / 2 [ 1  + w - ew3 m ( r , + , e )  = F N e 2 max 
where 
- R  F2Hmax 
20 w =  
For r ay  t r a c i n g  i n  three dimensions the  following p a r t i a l  
de r iva t ives  a r e  needed: 
aEN - EN aF2Nmax a E N  aF2Hmax - -  ae e- a e  aR 
F2Nmax ae 
(2-4) 
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where 
R = geocen t r i c  r ad ius  t o  a p o i n t  on t h e  ray 
= p l a n e t  r ad ius  
RO 
0 = c o l a t i t u d e  of a r a y  po in t  
4 = longi tude  of ray p o i n t  
F2Nmax = maximum e l e c t r o n  dens i ty  of p r o f i l e  above 
coord ina tes  ( 0 ,  (P) 
= he igh t  a t  which F 2 N max occurs.  F2Hmax 
t h a t  one must de- 
termine whether t h e  day s i d e ,  g rad ien t ,  o r  n igh t  s i d e  models a r e  
t o  be used. To do so, we cons ider  t h e  sphe r i ca l  t r i a n g l e  i n  
Figure 2-41. 
and F2Hmax I t  i s  t h e  computation of F2Nmax 
Figure 2-41 Spher ica l  Tr iangle  General Geometry 
where ( e s , @  ) i s  t h e  p o s i t i o n  of the subsolar  po in t .  
d i s t ance  (d) t o  any po in t  of a r ay  (e,@) is: 
Then t h e  
S 
cos d = cos 8 cos 0 + s i n  0 s i n  8 cos ((P - (P) (2-6) S S S 
(2-7) 
-1 d =  cos (cos d)  
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when d is between 0' and [ 90  - 1/2 g rad ien t  width]' ,  t h e  r a y  
t r a v e l s  on t h e  day s ide .  
When d i s  between [90  - 1/2 g rad ien t  width]' and [90 + 1/2 
g rad ien t  width] ' ,  t he  r ay  propagates i n  the  t r a n s i t i o n  region.  
Elsewhere, t h e  ray is  i n  t h e  n igh t  s ide .  
For t h e  day-side model, l e t ' s  have: 
- a t  midnight 
- a t  t h e  subsolar  p o i n t  - F N a t  midnight 
= F H  a t  midnight 
'1 - F~Nmax 
'2 - F2Nmax 2 max 
Dl 2 max 
D2 = F H  a t  t h e  subsolar  p o i n t  - 2 max a t  midnight. F2Hmax 
W e  chose: 
F N (a) = c + c s i n  2 max 1 2 
(d)  = D1 + D2 s i n  F2Hmax 
where 
1 d 
2 - = - - s i n  (,) ad ax, 
(2-8) 
(2-9) 
(2-10) 
(2-11) 
(2-12) 
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s i n  (nx ) aF2Nmax - __ c2n - 
axl 2 1 
aF2Nmax - 
ad 
d s i n  (7) s i n  (TX ) c2n - -  
4 1 
aF H 
- 2 max 
ad 
However, Equat ions (2-4)  and (2-5) r equ i r e  
d s i n  (7) s i n  (TX ) D2n - -  
4 1 
a F  N 2 max a F  N 2 max 
a@ and a 0  
aF 2 H max aF2Hmax 
a0 a 4  . 
aF2Nmax - aF2Nmax - a e  ad a 0  
aF H 2 max ad bF H -2 max - - 
ad a @  
From Equation (2-6) I 
(2-13) 
(2-14)  
(2-15) 
(2-16) 
(2-17) 
(2-18) 
(2-19) 
cos e s i n  0 - s i n  e cos 0 cos (QS - $1 I (2-20) 1 s i n  d S S 
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and 
s i n  e s i n  e s i n  (@ - @ )  
S S - ad - -  a @  I s i n  d (2-21) 
is required because t h e  s igns  of these p a r t i a l s  depend upon t h e  
d i r e c t i o n  of t h e  ray wi th  r e spec t  to  t h e  subsolar  po in t .  
a r e  cons tan t  and F2Hmax 2 max For t h e  night-s ide model, s ince  F N 
i n  t h i s  region a t  t h e i r  midnight va lue ,  a l l  p a r t i a l  d e r i v a t i v e s  
with r e spec t  t o  8 and @ a r e  zero.  
A s  f a r  a s  t h e  modeling of ho r i zon ta l  g rad ien t s  i s  concerned, 
we proceed a s  follows. Since t h e  width of t h e  ho r i zon ta l  g rad ien t  
zone around t h e  day/night t r a n s i t i o n  is  allowed t o  be v a r i a b l e  
and the ray  t r a c i n g  program requ i r e s  continuous d e r i v a t i v e s ,  t h e  
g rad ien t  model incorpora tes  t h e  a b i l i t y  to c a l l  t h e  day-side model 
and c a l c u l a t e  F2Nmax, F2Hmax, aF2Nmax /ad,  and aF2Hma$ad a t  t h e  
p o i n t  where t he  g rad ien t  begins.  It  a l s o  c a l c u l a t e s  from t h e  
night-s ide model t h e  same parameter. Using t h i s  d a t a ,  and assum- 
and F H values  a t  t he  cen te r  of the g rad ien t  ing  t h e  F2Nmax 2 max 
a r e  t h e  average of t h e  values  a t  each end of t h e  g rad ien t ,  one 
has f i v e  p o i n t s  through which a q u a r t i c  may be f i t  exac t ly .  
The mathematics of t h e  model i s  expressed a s  follows: 
L e t :  
= value of F2Nmax just p r i o r  t o  t r a n s i t i o n  region on 
t h e  day side 
N1 
H1 = value of F H j u s t  p r i o r  t o  t r a n s i t i o n  region on 2 max 
t h e  day s i d e  
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N3 = value of F N just after the transition region on 2 max 
the night side 
H3 = value of F H just after the transition region on 
2 max 
the night side 
N + N1 3 - 
N2 - 2 
3 HI + H - 
H2 - 2 
G = width of transition region 
Then 
= g o o  - - or distance from subsolar point where N, Dl 2 and 
H are calculated 1 
D2 = 90° or where N and H2 are assumed 2 
and 
G = 90' + -where N and H are calculated. 
D3 2 3 3 
From the day and night models, we can also calculate 
1 
SH1 = the slope of H1 at D1 
SN3 = the slope of N at D3 
3 SH3 = the slope of H3 at D 
Given this information, we can now develop and solve the following 
= the slope of N at D SN1 1 
3 
two systems: 
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Let 
A =  
c 
1 
1 
1 
0 
0 
L 
then 
N1 
N2 
N3 
SN1 
SN3 
Dl 
D2 
D3 
1 
1 
2 
Dl 
D2 
D3 
2D1 
2D3 
2 
2 
3 4 
Dl Dl 
3 4 
D2 D2 
3 4 
D3 D3 
2 3 
3D1 4D1 
3D3 4D2 
2 3 
Upon solving the above, we can generate general models based on 
any distance (D)  from the subsolar point. When 90 - 
we have 
G G < D < 90 + T ,  
2 3 4 
= AN + AN D + AN D + AN4D + AN5D F2Nmax 1 2 3 (2-22) 
= AH + AH D + AH3D 3 + AH4D 4 + AH5D 5 (2-23) 
F2Hmax 1 2 
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3 1  
2 aF N AN2 + 2AN D + 3AN4D + 4AN5D 2 max 
aD = I  3 
3 1  
2 aF H 2 max AH2 + 2AH D + 3AH4D + 4AH5D 
a D  = I  3 
( 2 - 2 4 )  
(2-25) 
Before Equations ( 2 - 4 )  and ( 2 - 5 )  can be computed, one must de- 
termine the sign of the derivatives ad/aQ, ad/aO, aF N /ad, and 
aF H dad. 
the distance from the subsolar point to the ray point is measured 
clockwise in the plane containing the two points, ci is the angle 
measured from north between the ray points and the great circle 
connecting the ray point and the subsolar, ci is the angle measured 
from north between the ray point and the great circle ray direc- 
tion, S represents the subsolar point, and R the ray point. 
2 max 
To do so, consider the following eight cases where 2 ma 
S 
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CASE I 
Figure 2-42 
Spher ica l  Tr iangle  
Geometry - Case I 
Conditions: 
S i s  t o  the  r i g h t  of R ( i . e . ,  0 < [2?r + (@ - @)]mod 217- < 180) 
S 
0 < (as - a) mod 277- < 90 
e . d i s  increas ing  and g r e a t e r  than 180' 
From t h e  mirror  image of Figures  2-39 and 2-40 F N is  in-  
c r eas ing  and F H i s  decreasing 2 max 
2 max 
aF H 2 max 
ad is  negat ive 
is  p o s i t i v e  and * aF2Nmax ad . .  
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o < a  ( 9 0  
S 
. . 8 is decreasing and 0 is increasing 
- ad is negative and - ad is positive. 
* - a0 a 0  
CASE I1 
Figure 2-43 
Spherical Triangle 
Geometry - Case I1 
Conditions: 
S is to the right of R 
go  < (as - a )  mod 2 1 ~  < 270 
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e 
0 
a . d is decreasing toward 180 
is decreasing and F H is increasing F2Nmax 2 max 
is negative, . aF 2 N max aF2Hmax ad is positive and ad m *  
180 < (a  )mod 27r < 270 
S 
. . . 8 is increasing and @ is decreasing 
ad is negative. - is negative and -' ad ae  a 4  e .  
CASE 1x1 
N 
S 
Figure 2-44 Spherical Triangle Geometry - Case 
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I11 
Conditions: 
S is to the right of R 
0 < (as - a )  mod 27-r < 90 
0 .-. d is increasing and greater than 180 
F N  is increasing and F H is decreasing 2 max 2 max 
aF H 2 max 
ad 
aF N 2 max 
ad is negative is positive and . .  
90 < ( a  ) mod 27-r < 180 
S 
. * .  8 is increasing and @ is increasing 
. ad ad is positive. - is positive and - a 6  
N CASE IV 
Figure 2-45 
Spherical Triangle 
Geometry - Case IV 
2-7 3 
Conditions: 
S is to the right of R 
180 < (a  - a )  mod 271. < 270 
S 
0 
. * .  d is decreasing toward 180 
is decreasing and F H is increasing F2Nmax 2 max 
. .  aF2Nmax ad is is negative aF2Hmax ad positive and 
271. < 360 
. .. 8 is decreasing and 4) is decreasing 
- ad is positive and - ad is positive. ae  a@ 
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CASE V 
N 
S 
Figure 2-46 Spherical Triangle Geometry - Case V 
Conditions: 
S is to the left of R (i.e., 180 < [2n- + (4 - 4 ) ]  mod 27- < 360) 
S 
270 < (a + a) mod 2n < 360 
S 
0 0 . . d is decreasing toward 0 
is increasing and F H is decreasing F2Nmax 2 max 
aF H 2 max 
ad is positive is negative and 
aF2Nmax 
ad  
0 .  
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270 < ( a  ) mod 271. < 360 
S 
- 8 is decreasing and @ is decreasing 
. a . -  ad is positive and - ad is positive. 
a0 a@ 
CASE VI 
N 
Figure 2-4-7 
Spherical Triangle 
Geometry - Case VI 
Conditions: 
S is to the left of R 
90 < ( a  + a! ) mod 2n < 270 
S 
0 . . d is increasing toward 180 
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i s  decreasing and F H i s  inc reas ing  F2Nmax 2 max 
aF H 2 max 
ad 
i s  p o s i t i v e  is negat ive and 0 'FPmax ad . *  
90 < ( a  ) mod 2 7 ~  < 180 
S 
. . 8 is inc reas ing  and 4 i s  increas ing  
ad i s  p o s i t i v e  and - ad is  p o s i t i v e .  - " a e  a 4  
CASE VI1 
N 
S 
Figure 2-48 Spher ica l  Tr iangle  Geometry - Case VI1 
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Conditions: 
S is to the left of R 
90 < ( a  f a ) mod 2a < 180 
S 
0 . . d is increasing toward 180 
is decreasing and F H is increasing F2Nmax 2 max 
is positive aF2Hmax ad  is negative and 
aF2Nmax 
ad . .  
0 < (a,) mod 2a < 90 
. . 8 is decreasing and Q is increasing 
- ad is negative and - ad is positive. d e  a@ . .  
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CASE VI11 
N 
Figure 2-49 
Spherical Triangle 
Geometry - Case VI11 
S 
Conditions: 
S i's to the left of R 
270 < (a  + a ) mod 27r < 360 
S 
0 . . d is decreasing toward 0 
is increasing and F H is decreasing F ~ N m a x  2 max 
bF2Hmax is positive is negative and ad 
e aF N 2 max 
ad . .  
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180 < ( a  ) mod 277- < 270 
S 
. . 0 is increasing and 4 is decreasing 
' 
- ad is negative and - ad is positive. 
a 6  a +  . .  
The above eight cases represent all possible alternatives. 
One can now set up decision rules to properly affix signs to the 
derivatives. 
We compute 
-1 a = Tan 
S 
where Y is the direction cosine of the ray in the east direction 
and Y2 is the direction cosine from south (these are both ray 
tracing parameters). 
3 
From spherical trigonometry, we know: 
1 COS 6 - COS d COS 6 S sin 0 sin d a =  cos-1 [ 
The rules can be enunciated as follows: 
0 < [ 2 ~ r  + (Q - @ ) I  mod 277- < TJ ( S  is to the right of R) 
S 
If 
bF H 2 max is negative, 
ad is positive and 
aF2Nmax 
ad then 
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If also: 
0 < (as - a )  mod 27r < 90 OR 270 < (as - a )  mod 27r < 360 AND: 
ad ad 180 < a < 360 THEN = - 
S 
90 < (as  - a )  mod 27- < 270 AND: 
ad 0 < a  < 90 OR 270 < a < 360 THEN 
= 131 S S 
- -131 ad 90 < a < 270 THEN ae - 
0 < a < 180 THEN % ad = - lzl ad 
S 
S 
ad 180 < a < 360 THEN = 
S 
However, 
180 5 [ZIT + (4 - @ ) I  mod 2n < 360 (S  is to the left of R) 
S 
if 
is positive. aF2Hmax ad is negative and 
aF2Nmax then ad 
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If also: 
0 < ( a  + a )  mod 27r < 90 OR 270 < ( a  + as)  mod 2 a  < 360 AND: 
S 
ad go < a < 270 THEN - 
S 
ad ad 0 < a < 180  THEN = - 
S 
ad 180 < a < 360 THEN - - 
S a@ 
90 < ( a  + a )  mod 2 a  < 270 AND: 
S 
- - l % J  ad 0 5 a < 90 OR 270 < a 360 THEN - S S 
0 < a  < 180 THEN ad = lzl ad 
S 
ad 180 < a < 360 THEN 5 - 
S 
For a l l  cases:  
- ad = 0 a e  i f  a = 90 or 270 S 
= o  - ad if a = 180 or 360, 
S 
Once t h e  s igns  of t h e  d e r i v a t i v e s  a r e  determined, Equations 
(2-16), (2-17) (2 -18) ,  (2-19) , (2-4) and (2-5) a r e  ca l cu la t ed  
wi th  proper  s igns .  
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2.3.2 ABEL TRANSFORM AND MODEL MATCHING 
The atmospheric models illustrated in Section 2.3.1 were in- 
serted into Raytheon's Hamiltonian ray tracing computer program 
(Ref. 11). The Raytheon ray tracing program utilizes Haselgrove's 
form of the Hamiltonian optic equations. A fourth-order Adams- 
Moulton integration technique with a Xunge-Kutta starter (Ref. 12)  
was used to integrate the Haselgrove system of partial differential 
equations. Inputs to the computer program are the initial ray 
position and direction of the wave normal. The wanted outputs 
are differential phase data. 
Figure 2-50 contains a simplified block diagram of the simu- 
lation. For the purpose of this simululation it was assumed that 
the region above the upper atmosphere limit (i.e.# 45  km for Mars 
and 84 km for Venus) has the refractive index of 1.0 (free space). 
The transmitter was positioned above the planet's atmosphere and 
the directions of the wave normal were selected so that the geo- 
metric point of closest approach was near to the vertical of 
interest. Transmitter heights of 1000 km were used and when the 
points of closest approach were within 150  km of arc length from 
the chosen vertical, they were accepted as nominally belonging to 
it. The differential phase data generated in this way is used in 
the same manner as noise-free observational data. 
Having generated the differential phase data pertaining to a 
given vertical, the next step was to examine existing profile in- 
version methods to see how well one can recover the postulated 
refractivity models of Mars and Venus shown in Figures 2-39 and 
2-40. Two profile inversion methods were implemented on a high 
speed digital computer -- the Abel transform and the Raytheon 
model matching techniques. The computer used was the CDC-6600. 
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2.3.2.1 Abel Transform for a Spherically Symmetric Medium 
The first profile inversion method we implemented is the one 
which makes use of the Abel transform to solve the integral equa- 
tion which describes the differential phase delay as a function of 
refractivity and the ray path length. Differential phase delay 
is defined by the following equation: 
(2-26) 
where 
f = frequency in MHz 
r = distance from the planet's center to a point on the 
ray path in km 
s = ray path length in km 
p = distance from the planet's center to the point of 
closest approach in km 
N(r) = refractivity in N-units at a distance r 
A@(p)  = differential phase delay in cycles at a distance p .  
Assuming a straight line ray path one can apply a transforma- 
tion which reduces the above to a form which allows one to apply 
the Abel transform. The transformation is given below: 
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s -   d n  Figure 2-51 Abel Transform Geometry 
rdr ds = 
The solution to Equation (2 -26)  is: 
For computational purposes a numerical approximation to 
Equation (2-27)  was implemented on the computer. The approxima- 
tion is based on a linear interpolation between consecutive data 
points. The equation that was programmed is: 
2-86 
i = m  
where 
- A@ i+l i 
- r  i+l i 
A@ 
i,l r 
- A 
= A@ - r  
i i Ai,l A i , 2  
E 
(2-28) 
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It can be seen t h a t  t he  above i s  a c losed form expression 
which y i e l d s  r e f r a c t i v i t y  a s  a func t ion  of geocent r ic  d i s t a n c e  
along a s i n g l e  v e r t i c a l .  
Tables 2-3 and 2-4 g ive  a comparison between pos tu l a t ed  and 
recovered p r o f i l e s  f o r  t h e  atmosphere of Mars and Venus. 
N o t e  t h a t  t he  column headed "Geocentric Radius" i s  t h e  d i s -  
tance from t h e  c e n t e r  of t h e  p l a n e t  t o  t h e  p o i n t  of "closest" 
approach a s  determined by t h e  s t r a i g h t  l i n e  approximation men- 
t ioned  e a r l i e r .  Since t h e  r ad ius  of Venus i s  about 6056 k m ,  it 
can be seen from Table 2-4 t h a t  t h i s  approximation y i e l d s  p o i n t s  
of " c l o s e s t "  approach below t h e  p l a n e t ' s  surface.  In  r e a l i t y  a l l  
those rays t r aced  t h a t  had an a c t u a l  p o i n t  of closest approach 
less than 35 km above Venus h i t  the  p l a n e t ' s  sur face .  Therefore ,  
all of t h e  a c t u a l  p o i n t s  of c l o s e s t  approach w e r e  a t  l e a s t  35 km 
above the  p l a n e t ' s  surface.  
Table 2-3 s h o w s  t h a t  t h e  A b e l  t ransform inversion method 
reproduces t h e  Mars atmosphere t o  a high degree of accuracy. 
Errors i n  r e f r a c t i o n  a r e  less than 6.1%, t h e  l a r g e s t  error .074 
N-units. Applying t h e  Abel transform technique t o  the  atmosphere 
of Venus g ives  very poor r e s u l t s  (see Table 2-4 ) .  The e r r o r s  
g e t  l a r g e  very soon a f t e r  e n t e r i n g  the  p l a n e t ' s  atmosphere and 
continue t o  increase  t o  1850 N-units a t  an a l t i t u d e  of 35 km above 
t h e  p l a n e t  Venus. 
2.3.2.2 Model Matchinq f o r  a Sphe r i ca l ly  Symmetric Medium 
The Raytheon "model matching" method i s  an i t e r a t i v e  technique 
which dynamically a d j u s t s  t h e  r e f r a c t i v i t y  model and i n i t i a l  con- 
d i t i o n s  on the  ray  u n t i l  the  ca l cu la t ed  d i f f e r e n t i a l  phase matches 
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TABLE 2-3 
MARS INVERSION ERRORS DUE TO ABEL TRANSFORM 
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TABLE 2 - 4  
VENUS INVERSION ERRORS DUE TO ABEL TRANSFORM 
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t h e  "observed" value,  
above t h e  r e f r a c t i v e  medium (i .e. ,  a p o i n t  i n  free space ) ,  a re- 
f r a c t i v i t y  s lope  of t h e  next  p o i n t ,  and an i n i t i a l  d i r e c t i o n  of 
t h e  wave normal (see Figure 2-52). If t h e  ca l cu la t ed  d i f f e r e n t i a l  
phase matches t h e  "observed" va lue ,  then it i s  assumed t h a t  t h e  
proper s lope  has  been found. Whenever t h e  ca l cu la t ed  d i f f e r e n t i a l  
phase d i f f e r s  from the  observed, it becomes necessary to a d j u s t  
t h e  s lope  of the  r e f r a c t i v i t y  curve and/or t o  a l t e r  t h e  i n i t i a l  
d i r e c t i o n  of t h e  wave normal. Unfortunately,  t h i s  process  does 
n o t  y i e l d  unique r e s u l t s .  There i s  more than one combination of 
r e f r a c t i v i t y  s lope  and ray  d i r e c t i o n  t h a t  w i l l  y i e l d  the des i r ed  
d i f f e r e n t i a l  phase. I n  connection with the atmosphere of Mars 
t h e  ambiguity d i d  no t  a f f e c t  t h e  r e s u l t s  t o  a no t i ceab le  degree. 
In  t r y i n g  t o  r econs t ruc t  t h e  Venus atmospheric p r o f i l e  t h e  ambigu- 
i t y  problem was very severe.  Figures  2-53 and 2-54 i n d i c a t e  the  
invers ion  accurac ies  t h a t  w e r e  achieved by t h e  Raytheon model 
matching program. These a r e  graphs of t he  absolu te  value of in- 
vers ion  error i n  N-units a s  a func t ion  of a l t i t u d e  for both Mars 
and Venus atmospheres. Referr ing t o  Figure 2-53, one can see t h a t  
a f t e r  t w o  da ta  p o i n t s  t h e  error i n  the  reconstructed Mars p r o f i l e  
is  e s s e n t i a l l y  zero.  Errors less than .001 N-units a r e  due t o  
computational no ise  r a t h e r  than t h e  invers ion  technique. Figure 
2-54 shows an e n t i r e l y  d i f f e r e n t  r e s u l t  when using t h e  model 
matching method i n  conjunction w i t h  Venus d i f f e r e n t i a l  phase da ta .  
W e  w e r e  able t o  get s o l u t i o n s  for  a l t i t u d e s  of 70  !an or more w i t h  
r e l a t i v e  ease.  B e l o w  70 km the ambiguity problem became severe ,  
computer costs s t a r t e d  climbing exponent ia l ly  and t h e  computational 
accuracy requirements on t h e  ray t r a c i n g  procedure w e r e  so g r e a t  
W e  s t a r t  t h e  i t e r a t i o n  by s e l e c t i n g  a po in t  
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t h a t  it became apparent  t h a t  w e  needed a double p rec i s ion  r a y  
t r a c i n g  computer program. A t  t h e  t i m e  t h a t  t h i s  e f f o r t  was per- 
formed w e  d i d  n o t  have such a program. A s  i t  was, a CDC-6600 
computer was used. This  computer has a w o r d  l eng th  of 60 b i t s ,  
which i s  equiva len t  t o  an accuracy of 14  s i g n i f i c a n t  d i g i t s .  Be- 
cause of t h e  extreme costs, a t tempts  t o  accu ra t e ly  cons t ruc t  t h e  
e r r o r  curve b e l o w  70  km w e r e  abandoned. T h e  broken l i n e  below 
70  k m  r ep resen t s  a jud ic ious  ex t r apo la t ion  based on a l i m i t e d  
number of computer runs. A l l  a t tempts  t o  t r a c e  rays which had a 
p o i n t  of closest  approach less than 35 km f a i l e d .  W e  could no t  
f i n d  a set  of i n i t i a l  condi t ions  t h a t  w e r e  w i th in  t h e  s i n g l e  pre- 
c i s i o n  accuracy of t h e  CDC-6600 t h a t  would n o t  h i t  t h e  su r face  of 
Venus. This  i s  due t o  " c r i t i c a l "  r e f r a c t i v e  condi t ions.  
2.3.2.3 Comparison Between A b e l  Transform and Model Matchinq 
I n  Terms  of Processinq Errors and Machine T i m e  C o s t s  
Most of t he  e r r o r s  occurr ing i n  p r o f i l e  inversion a r e  due t o  
one o r  more of t h e  following causes: 
a .  S t r a i g h t - l i n e  approximation of t h e  p o i n t  of c l o s e s t  
approach 
b. Numerical approximations 
c. Lack of a -unique  so lu t ion .  
I t e m s  a and b above a r e  t h e  major sources  of e r r o r  inherent  
i n  t h e  A b e l  t ransform method. I n  r e a l i t y  t h e  p o i n t  of c l o s e s t  
approach i s  not  known, and s ince  i t  is  an e s s e n t i a l  i npu t  t o  t h e  
Abel transform it  mus t  be est imated.  The  es t imat ion  is  done by 
a s t r a i g h t  l i n e  and geometr ical ly  ca+cu la t ing  the d i s t ance  between 
t h e  c e n t e r  of t h e  p l a n e t  and t h i s  l i n e  (see Figure 2-55). I n  
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r econs t ruc t ing  t h e  Mars atmosphere t h e  geometric approximation 
was very good because of t h e  small  amount of bending experienced 
by the  r ay  as  it passes  through t h e  p l a n e t ' s  atmosphere. A r a d i o  
r ay  passing through t h e  Venus atmosphere i s  severe ly  bent .  Due 
t o  t h i s  bending, t he  s t r a i g h t - l i n e  approximation of t h e  p o i n t  of 
closest approach is  a poor one. Therefore ,  it i s  poss ib l e  t o  
c a l c u l a t e  a p o i n t  of closest approach which l i e s  below t h e  p l a n e t  
sur face  (see Figure 2-55). The errors due t o  the  numerical 
approximations inherent  i n  Equation (2-28) a r e  i n s i g n i f i c a n t  when 
compared to  t h e  e r r o r s  which r e s u l t  from not  knowing t h e  po in t  of 
c l o s e s t  approach. 
As mentioned e a r l i e r ,  t h e  major source of e r r o r  i n  the model 
matching method i s  t h a t  i s  does n o t  y i e l d  a unique so lu t ion .  An 
i n c o r r e c t  r e f r a c t i v i t y  s lope effects  the  next  r e f r a c t i v i t y  s lope  
t h a t  i s  computed. This  method b u i l d s  e r r o r  upon e r r o r  a s  one 
proceeds down the  v e r t i c a l .  
Table 2-5 con ta ins  a summary of computer c o s t s  and accuracy 
i n  t h e  recovered p r o f i l e  f o r  each of t h e  t w o  p r o f i l e  invers ion  
methods discussed.  T h e  RMS errors a r e  computed by the  following 
formula : 
RMS 
where  
= recovered r e f r a c t i v i t y  Nc 
N = pos tu la ted  r e f r a c t i v i t y  
S = number of po in t s  on t h e  p r o f i l e  
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TABLE 2- 5 
COMPARISON BETWEEN ABEL TRANSFORM AND 
MODEL MATCHING INVERSION TECHNIQUES 
Overa l l  accurac ies  achieved i n  r econs t ruc t ing  t h e  Mars p r o f i l e  
are very good for ei ther  method, t h e  model. matching method being 
s l i g h t l y  more inaccura te  than t h e  Abel transform method. This i s  
because the A b e l  t ransform so lu t ion  i s  unique, while  t h e  model 
matching s o l u t i o n  i s  ambiguous. When one tr ies t o  r econs t ruc t  
t h e  Venus atmosphere, e i ther  method g ives  poor r e s u l t s .  Computer 
costs shown above a r e  based on the  CDC-6600 d i g i t a l  computer. 
The recovered p r o f i l e  cons i s t ed  of 24  p o i n t s  along a v e r t i c a l .  
Computer charges i n  connection wi th  the  A b e l  t ransform a r e  ins ig-  
n i f i c a n t .  The cost of $1.00 shown i n  t h e  t a b l e  i s  mainly due  t o  
loading t h e  program i n t o  t h e  computer and p r i n t i n g  t h e  r e s u l t s ,  
C o s t  f o r  r econs t ruc t ing  t h e  Mars p r o f i l e  when using t h e  model 
matching technique was approximately $1500. A s  a r e s u l t ,  t h e  
model matching method when used t o  i n v e r t  t h e  Mars atmosphere i s  
much more c o s t l y  and less accura te  than t h e  A b e l  t ransform method. 
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Comparing the two methods under consideration for reconstructing 
the Venus atmosphere, one can see that the cost is astronomical, 
the Abel transform cost about the same as that incurred when using 
Mars data. Sizable computer charges were incurred in recovering 
that portion of the Venus profile that is above,70 km. The fur- 
ther one proceeded down the vertical, the longer it took for the 
iteration to converge. To recover the Venus profile down to an 
altitude of 35 km would cost somewhere between $7500 and $10,000, 
2.3.2.4 Profile Inversion in Presence of Horizontal Gradients 
As indicated in Section 2.3.1, the atmospheric models adopted 
for Mars and Venus are characterized by spherical symmetry. The 
ionospheric models, on the contrary (see Figures 2-39 and 2-40) 
exhibit horizontal gradients of different steepness. 
Their recovery by profile inversion and the errors incurred 
in reconstruction have been analyzed by tracing rays through the 
region containing the gradient and by performing an Abel transform 
of the simulated columnar measurements. We used the frequencies 
400 MHz, 1000 MHz and 2200 MHz and we performed the ray tracing 
simulation outlined in Figure 2-52 in the presence of the iono- 
spheric horizontal gradients of 7.5 and 3.5 degrees modeled in 
.Section 2.3.1. The simulated columnar measurements were performed 
for the entire height span of the ionospheres of both planets. 
Effects of the atmosphere (spherically symmetric anyhow) were 
therefore excluded. Verticals were recovered at the center of 
the gradient (i.ee, 90' from the subsolar point) for all frequen- 
cies, for both gradient widths, and an each planet. Other verti- 
cals were recovered as follows: 
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a.  For a l l  f requencies  using a 3.5' g rad ien t  on Mars a t  
1' l e f t  of center ( i . e . ,  89O) 
b. For a l l  f requencies  using a 7.5O grad ien t  on Mars a t  
2.5' l e f t  of c e n t e r  ( i . e . ,  87.5') 
c. For a l l  f requencies  using a 3.5' g rad ien t  on Venus a t  
lo r i g h t  of c e n t e r  ( i - e . ,  91') 
d e  For a l l  f requencies  using a 7.5O grad ien t  on Venus a t  
2.5' r i g h t  of c e n t e r  ( i . e . ?  92.5O). 
Tables D-1 through D-24 and Figures  D-1 t o  D-64 (Appendix D) 
show t h e  r e s u l t s  of t h e  A b e l  t ransform inve r s ion  technique f o r  a l l  
t h e  above cases .  Tables D-1 through D-12 (Appendix D)  a r e  t h e  re- 
s u l t s  f o r  the v e r t i c a l s  recovered a t  t h e  c e n t e r  of each g rad ien t  
on Mars and Venus. The g r e a t e s t  errors for  a p a r t i c u l a r  v e r t i c a l  
occur a t  the extreme p o i n t s  of t he  ionosphere where d a t a  i s  sparse .  
However, m o s t  of t h e  v e r t i c a l  i s  recovered wi th in  12%. Even a t  
t h e  extreme p o i n t s  where t h e  percentage error i s  high, t h e  r e f r ac -  
t i v i t y  d i f f e r e n c e  between t h e  o r i g i n a l  p r o f i l e  and recovered pro- 
f i l e  i n  N-units is  w e l l  w i th in  reason. 
The r e s u l t s  change d r a s t i c a l l y  a s  we  move f r o m  t h e  c e n t e r  of 
t h e  g rad ien t  t o  v e r t i c a l s  j u s t  wi th in  the g rad ien t  zone. The 
percentage errors a r e  30% f o r  Mars and reach 260% f o r  Venus. 
These r e s u l t s  can be i n t e r p r e t e d  i n  t h e  sense t h a t  when t h e  re- 
covered v e r t i c a l  i s  e x a c t l y  a t  t h e  c e n t e r  of t h e  g rad ien t  (even 
when t h i s  i s  very s h a r p ) ,  the  averaging p r o p e r t i e s  of the A b e l  
t ransform do n o t  introduce errors, T h i s  s i t u a t i o n  changes rad i -  
c a l l y  when the  v e r t i c a l  i s  on one s i d e  of t h e  g r a d i e n t ,  away from 
the  region where l i n e a r i t y  i n  t h e  g rad ien t  model does no t  hold 
any longer.  
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2.3.3 PROFILE INVERSION ALGORITHMS USED IN SEISMOLOGY AND 
THEIR APPLICABILITY TO RADIO OCCULTATION EXPERIMENTS 
The results of Section 2.3.2 indicate that for the Martian 
atmosphere and ionosphere as well as for the Venusian ionosphere 
no serious problems are encountered in the profile inversion, 
even in the presence of sharp horizontal gradients. Errors are 
well within bound when using inversion algorithms like the Abel 
transform and the model matching, that are well established pro- 
cessing techniques now available to numerous groups involved in 
radio occultation experiments. 
The profile inversion of the Venus atmosphere requires, on the 
contrary, additional research activity. Because of the strong 
ray bending in the Venus atmosphere, the Abel transform leads to 
unacceptable inversion errors and the machine time requirements 
for the use of the model matching in profiling this medium is ex- 
cessive under any standard. 
A possible way out from this impasse can be sought by study- 
ing the applicability to radio occultation measurements of the 
profile inversion methods used by seismologists in determining 
from the travel time of seismic waves the structure of the earth's 
interior. 
Seismologists use, in fact, profile inversion methods in order 
to determine velocity-depth profiles in the earth from the ob- 
served variation of travel time with arc distance between source 
and receiver. Their rays are strongly bent and often waveguidance 
is present. Notwithstanding that, detailed reconstructions of the 
earth's interior structure have been achieved. 
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The analogy with the radio occultation measurements of 
planetary atmospheres is close. Phinney and Anderson (Ref. 18) 
have examined the applicability of the Herglotz-Wiechert method 
(Ref. 19, 20) to the planetary atmosphere case and have concluded 
that the "impact parameter" that is the fundamental quantity used 
by seismologists in profile inversion can be expressed in terms 
of doppler data. 
Doubts on this conclusion have been cast by Graves and 
Fischbach (Ref. 21) and the entire matter requires a close review 
if an attempt to use seismological methods in radio occultation 
experiments is to be performed. 
In case of success, the Keilis-Borok (Ref. 22) and the Gerver- 
Markushevich approaches (Ref. 23, 24, 25) will also become usable, 
in addition to the better known Herglotz-Wiechert method. 
In order to use these methods, one must know the "impact 
parameter." Even if the Phinney and Anderson approach would prove 
unworkable for orbiter-to-orbiter cases, this parameter, like the 
point of closest approach, can be estimated, and it is quite 
possible that the errors in estimating it are smaller than the 
errors in estimating the point of closest approach. Should this 
turn out to be the case, the seismological approaches will be of 
great help in the inversion of atmospheric profiles where the ray 
traveled strongly bent and where therefore the Abel transform 
fails and the model matching cost is unaffordable. 
Other approaches can also be attempted for the Venus atmo- 
sphere. Figure 2-56 shows a flow diagram describing possible 
paths one can take. One such path is to use the Abel transform 
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method t o  genera te  a f i r s t  approximation of t h e  des i r ed  atmosphere 
and then use t h e  model matching method to  r e f i n e  the  i n i t i a l  guess. 
This could reduce t h e  cost and e l imina te  t h e  ambiguity problem. 
Up t o  now no i n i t i a l  guess of t he  atmosphere is used i n  t h e  iter- 
a t i v e  procedure. 
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2.4 PROCESSING ERRORS AND CRITERIA FOR THE SELECTION 
O F  THE PROBING FREQUENCIES 
The following a n a l y s i s  was c a r r i e d  on t o  eva lua te  process ing  
errors incur red  i n  t h e  p r o f i l e  inversion.  D i r e c t l y  t i e d  t o  t h i s  
eva lua t ion  i s  the  formulation of t h e  c r i t e r i a  f o r  experiment f r e -  
quency s e l e c t i o n  and i n  what follows these c r i t e r i a  w e r e  es tab-  
l i s h e d  and a n a l y t i c a l l y  tested, 
Errors i n  t h e  ionospheric e l e c t r o n  d e n s i t y  p r o f i l e ,  N e ( r ) ,  and 
t h e  atmospheric r e f r a c t i v i t y  p r o f i l e ,  N a ( r ) ,  can be w r i t t e n  a s  
func t ions  of the  known t o t a l  r e f r a c t i v i t i e s ,  N l ( r )  and N2 (r) .  
know t h a t  
W e  
Equation (2-29) i s  t h e  f a m i l i a r  A b e l  t ransform f o r  t o t a l  r e f r ac -  
t i v i t y  a l ready  introduced i n  Sect ion 3.1.1 of t h i s  r e p o r t .  
W e  a l s o  know t h a t  t h e  equat ions f o r  t h e  ionospheric e l e c t r o n  
d e n s i t y  p r o f i l e  and t h e  atmospheric r e f r a c t i v i t y  p r o f i l e  are:  
and 
-6 = -24,800 M I ( r )  x 10 el/cc (2-30) 
( 2- 31) 
B, 
2 x I O w 6  (1 - B l ( r ) )  
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where 
(2-32) 
(2-33) 
where 
r = a l t i t u d e  above t h e  p l a n e t  
= probing frequencies .  fl'f2 
Two techniques a r e  a v a i l a b l e  t o  determine t h e  e r r o r s .  One i s  
t h e  d i f f e r e n t i a l  e r r o r  technique, t h e  e a s i e r  t o  develop: the  o t h e r  
i s  an absolu te  error technique which i s  q u i t e  extensive.  The  
d i f f e r e n t i a l  error technique ignores  second-degree error terms and 
i s  v a l i d  only  i f  expected errors a r e  small or t h e  equat ions a r e  
l i n e a r .  Since t h e  range of t h e  expected errors i s  no t  known, the  
more r e a l i s t i c  absolu te  error a n a l y s i s  w i l l  be used. 
l a t i o n  is: 
= maximum e r r o r  i n  c a l c u l a t i n g  N (r)  ANa(r)max Na ( r )  a 
= maximum error i n  c a l c u l a t i n g  N ( r )  ("max 
Ne (r)  e 
L e t  us  f i r s t  develop Equation (2-35), given N ( r )  b y  
and M , ( r )  by Equation (2-32). 
e 
The formu- 
(2- 34) 
(2-35) 
Equation (2-30) 
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First: 
-6 aNe(r) = 24,800 [(MI(r) -k AMI(+- ) )  - MI(r)l x 10 
= 24,800 1 x 
2 2 
fl f2 
then 
where 
and 
(2-36) 
(2- 37) 
(2-38) 
(2-39) 
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given 
AN1 (r) 
= the error i n  computing N ( r )  by Equation (2-40) N1 (r)  1 
(2-29) 
and 
AN2 (r)  
N 2  (r)  2 = t h e  error i n  computing N ( r )  by Equation (2-41) 
(2-29) 
F i n a l l y ,  t h e  r e l a t i v e  e r r o r  N (r) is  Equation (2-35) .  e 
Now l e t  us  develop Equation (2-34) given N ( r )  by Equation a 
(2-31) I B, ( r )  b y  Equation (2-33) , and M , ( r )  by Equation (2-32) .  
I 
F i r s t :  
I 
(2-42) 
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Now given B, (r) by Equation (2-33) we f i n d  t h a t :  
I 
2 -6 
3 ABl(r) = - X 10 
2 -6 
3 
- - x 1 0  
r 
(2-43) 
Then, given M (r)  by Equation (2-32) and using t h e  development of 
Equation (2-36), w e  can determine t h a t :  
I 
Combining Equations (2-42) and (2-43) we  f ind :  
I L 
(2-44) 
b (2-45) 
Introducing Equation (2-44) i n t o  Equation (2-45) we  f i n d  
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(2-46) 
Let 
-- 1 K =  
2 
fl 
(2-47) 
then substituting Equation (2-47) into (2-46) we have: 
It is now necessary to maximize AN (r). Mathematically a 
stated: 
therefore the numerator is now maximized, and 
x L 
-- I L (1 - B1(r)) - 3 1 1 - B1(r) ANa(r) = 
(2-49) 
(2-50) 
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T o  maximize ON ( r ) ,  (1 - B (I))  must be oppos i te  i n  s i g n  from a 1 
(2/3 x lo-%) formulated as: 
(2-51) J L - 1 L-  2 (l-Bl(r)) ( l - B l ( r ) )  + [ -  s ign(1-Bl( r ) )  1 3 x 1 0 - 6 ~  ANa(r)max 
F i n a l l y ,  t h e  r e l a t i v e  e r r o r  i n  computing N (r)  i s  Equation (2-34). 
This  a n a l y s i s  was appl ied  f i r s t  of a l l  t o  Mars. For t h e  atmosphere 
and the  ionosphere of t h i s  p l a n e t  s p h e r i c a l l y  symmetric models 
w e r e  assumed. 
a 
Three frequency combinations w e r e  s e l e c t e d  to be t e s t ed :  
= 400 MHz, f 2  = 800 MHz 
= 400 MHz, f 2  = 600 MHz 
*l 
f l  
fl = 600 MHz, f 2  = 800 MHz 
By using A b e l ’ s  t ransform, t o t a l  r e f r a c t i v i t y  was computed 
f o r  each frequency a t  selected a l t i t u d e s .  Then, w e  per turbed t h e  
phase delay by t h e  following error q u a n t i t i e s :  
f o r  400 MHz: rL 0.009 cyc le s  
600 MHz: r~ 0.0135 
800 MHz: r~ 0.018. 
The values  of t hese  e r r o r s  appeared a s  p l a u s i b l e ,  and furthermore 
w i l l  be better j u s t i f i e d  l a t e r  on i n  t h i s  r epor t .  W e  computed a 
per turbed t o t a l  r e f r a c t i v i t y  a t  the  same selected a l t i t u d e s  f o r  
each frequency. W e  then  found t h e  d i f f e rence  a t  each a l t i t u d e  
between t o t a l  r e f r a c t i v i t y  which was considered a s  i f  experimental 
da t a  w e r e  i d e a l  and t h e  per turbed t o t a l  r e f r a c t i v i t y .  From these 
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d i f f e r e n c e s  r e l a t i v e  errors with r e spec t  t o  t h e  o r i g i n a l  t o t a l  
r e f r a c t i v i t y  w e r e  found. 
The r e l a t i v e  errors and t o t a l  r e f r a c t i v i t y  f o r  each combina- 
t i o n  above a t  each s e l e c t e d  a l t i t u d e  then became t h e  input  t o  t h e  
e r r o r  a n a l y s i s  computer program. The r e s u l t s  can be seen i n  
Tables 2-6, 2-7 and 2-8. 
A s  one can see from t h e s e  t a b l e s ,  the  AN (r)  a r e  t h e  smal- 
a max 
les t  i n  combination (1) a t  every he ight  i n  t h e  0-40 km atmospheric 
span. Also i n  t h e  ionosphere above 115 k m ,  where the  d i s p e r s i v e  
component of t h e  t o t a l  r e f r a c t i v i t y  dominates, t h e  ON ( r )  a r e  
t h e  sma l l e s t  i n  combination (1). Therefore ,  it i s  o u r  conclusion 
t h a t  f o r  Mars t h e  frequencies  400 MHz and 800 MHz a r e  t h e  best 
choice for  the probing among t h e  t h r e e  a l t e r n a t i v e s  considered 
above. A t  h igher  f requencies  measurement errors could  be f u r t h e r  
reduced, and the  Viking Project could,  i n  f a c t ,  o f f e r  t h e  oppor- 
t u n i t y  t o  ope ra t e  w i t h  t h e  p a i r  400 MHz and 2200 MHz. 
e max 
A s  a second s t e p  we appl ied  the error a n a l y s i s  t o  t he  recovery 
of t h e  Martian and Venusian ionospheres descr ibed by the  models 
i n c l u s i v e  of the  ho r i zon ta l  g rad ien t s  discussed i n  Sec t ion  
The frequencies  assumed t o  be a v a i l a b l e  f o r  t h e  probing l i n k  
w e r e  400, 1000 and 2200 MKz. 
T h e  phase de lays  w e r e  assumed t o  be per turbed by t h e  follow- 
ing e r r o r s :  
f o r  400 MHz .0090 cycles  
1000 M K Z  e 0225 
2200 MHZ .0495. 
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The A b e l  t ransform was then run f o r  each case  using t h e  per turbed  
phase delay.  
and i n  Figures  E-1 through E-24 (Appendix E). The r e f r a c t i v i t y  
errors a r e  w e l l  wi th in  bounds. 
The r e s u l t s  a r e  shown i n  Tables  E-1 through E-24 
The r e l a t i v e  errors and t o t a l  r e f r a c t i v i t y  f o r  t h e  t w o  f r e -  
quency combinations 400 MHz/lOOO MHz and 400 MHz/2200 MHz, a t  
each s e l e c t e d  a l t i t u d e  then becaine the  input  t o  t h e  error a n a l y s i s  
computer program. The r e s u l t s  can be seen i n  Tables F-1 through 
F-16 (Appendix F ) .  A l i s t i n g  of t h e  computer program along with 
t h e  A b e l  t ransform subrout ine  is  i n  Appendix B. 
Comparing t h e  t a b l e s  one can see t h a t  when hor i zon ta l  g rad ien t s  
a r e  absent ,  t he  processing e r r o r s  i n  recons t ruc t ion  a r e  smaller  
than f o r  t h e  cases  where g rad ien t s  a r e  accounted f o r .  I n  presence 
of g r a d i e n t s ,  t h e  combination 400 MHz and 2200 MHz appears t o  be 
t h e  best  f o r  Venus, while t h e  p a i r  400 MHz and 1000 MHz seems t o  
be t h e  best combination f o r  Mars. 
Another i s s u e  must be considered as a p o t e n t i a l  source of 
e r r o r s  i n  t h e  processing of t h e  raw experiment da ta .  The 
parameters of the o r b i t s  of t h e  t w o  l i n k ' s  te rmina ls  may be such 
t h a t  the set  of columnar probings perpendicular  t o  the  v e r t i c a l  
under r econs t ruc t ion  i s  not  complete. Un t i l  now, w e  have always 
assumed t h a t  t h e r e  i s  a sample a t  l e a s t  every c e l l  (1 k m  high) 
along t h e  v e r t i c a l .  
Computations w e r e  performed t o  eva lua te  t h e  errors incurred 
i n  r econs t ruc t ion  when one ou t  of four  cel ls  i s  no t  sampled. 
Looking a t  Tables G-1 through G-64 and F i g u r e s  G-1 through 
G-48 (Appendix G) which show t h e  r e s u l t s  of t h e  experiment, and 
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comparing them with the results obtained when all the cells were 
sampled, it can be noticed that the new results do not show larger 
errors. As a matter of fact, there seems to be a reduction in the 
error size. This, however, does not have special significance and 
it is only due to our particular models and reduction technique. 
The Abel transform is a data fitting technique, and if the data 
points tend to follow a smooth curve, in most instances the re- 
duction of the amount of data points improves the fit. The im- 
provement is the result of eliminating the number of slope changes 
along the curve and allowing averaging to take place. The models 
used in this report to represent atmospheres and ionospheres are 
mathematical continuous functions. The data produced using the 
models are, therefore, smoothed, allowing a slight increase in 
the overall accuracy when some cell is eliminated. This will not 
hold any longer with the actual columnar data, but it is reason- 
able to expect that in general the elimination of some cells will 
not determine any major disruption in the profile recovery. 
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3. ANALYSIS OF THE MEASUREMENT ACCURACY 
3.1 GENERAL 
The success fu l  performance of the o rb i t e r - to -o rb i t e r  r a d i o  
o c c u l t a t i o n  scheme depends upon t h e  a b i l i t y  t o  determine w i t h  
high p r e c i s i o n  t h e  medium-induced doppler i n  t h e  r a d i o  l i n k s  be- 
tween t h e  t w o  o r b i t i n g  terminals .  
Many a r e  t h e  stws t h a t  w e  have t o  go through i n  achieving 
t h i s  r e s u l t .  
F i r s t  of all we have t o  observe the  t o t a l  doppler w i t h  s u f f i -  
c i e n t  accuracy and then measure or  e s t ima te  t h e  po r t ion  of t h a t  
doppler t h a t  is  caused by the  o r b i t e r - t o - o r b i t e r  r e l a t i v e  geo- 
me t r i ca l  motion (range r a t e ) .  This  p a r t  must be taken away from 
t h e  t o t a l  i n  order  t o  de r ive  the  re f rac t iv i ty- induced  r e s i d u a l s  
t h a t  a r e  t h e  raw d a t a  t o  be t ime-integrated and then submitted t o  
one of t h e  p r o f i l e  invers ion  processes  ou t l ined  i n  Sec t ion  2 .3 .  
The range r a t e  must be known w i t h  an accuracy of a small  f r a c t i o n  
of a cm/sec t o  keep t h e  error i n  r e f r a c t i v i t y  measurements down 
t o  a f e w  percent .  The r e l a t i o n s h i p  between input  e r r o r s  ( i n  the  
columnar measurements) and output  e r r o r s  ( i n  the  recovered pro- 
f i l e s )  through the  processing s t e p s  has been analyzed i n  Sect ion 
2.4. 
W e  have to j u s t i f y  now some of t h e  assumptions made along t h e  
way. 
W e  assumed a s  reasonable  t h e  following phase measurement 
accurac ies  a t  t h e  var ious  frequencies  considered f o r  the  probing 
scheme : 
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for 400 MHz 0.009 cycles 
600 MHz 0.0135 
800 MHz 0.018 
1000 M H Z  0.0225 
2200 MHZ 0.0495 
Let's examine what it does entail, for instance at 400 MHz, 
the assumed phase accuracy, in terms of signal-to-noise ratio and 
phase locked loop performance parameters. 
If we assume that phase locked loop measurement errors repre- 
sent the major portion of the error budget, we can assign phase 
locked loop error requirements of half the value indicated or 
approximately 0.005 Hz. This error is permitted in measurements 
made every half second. The phase locked loop error requirements 
with the associated 100 Hz loop bandwidth can be determined as 
follows: 
= B ~e eL L M 
where 
€IL = PLL error (rms value) 
= loop bandwidth = 100 Hz 
7 = integration time = 0.5 sec 
BL 
= required measurement error = 0.005 Hz. 
eM 
For the above values 8 = 0.035 cycles (0.22 radian). The re- 
quired loop signal-to-noise ratio is then found to be: 
= 10 dB, 
L 
1 - -  SN% - 
28: 
3-2 
Table 3-1 indicates that margins of 10 dB and 9 dB are avail- 
able at the two operating frequencies. These margins will make 
allowances for fading, antenna pattern nulls, cross polarization 
and component degradation. 
Table 3-1 also indicates that in order to achieve the indi- 
cated signal-to-noise ratios, 50 watts of power at 800 MHz and 
20 watts of power at 400 MHz are required. It is important to 
note herein that prime power load on the spacecraft imposed by 
the transmitters will be less than 10% of these transmitted powers 
because the transmitters, which are 40% efficient, are used for 
4% of the day. 
Conservative values of the total effective noise temperatures 
were used to determine signal-to-noise, The relations between 
noise temperatures are: 
C 
(F - 1) L + T  TREF .T = e 
where 
T = effective noise temperature 
= 
e 
reference temperature = 293 OK TREF 
F = noise figure 
L = coax losses between antenna and receiver 
= cosmic noise temperature. 
C 
T 
Cosmic noise temperature was obtained by numerically integrat- 
ing sky maps of cosmic noise (Ref. 26) and scaling to the assigned 
frequencies. 
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TABLE 3-1 
SIGNAL-TO-NOISE CONSIDERATIONS 
Symbol 
f 
pT 
G2 
LP 
Tc 
F 
L 
T e 
pR 
Frequency 
Xmitter Power 
Antenna Gain (2-way) 
Path Loss (17,000 km) 
C o s m i c  Noise Temperature 
Noise Figure 
Coax Losses 
Tota l  E f fec t ive  Noise Temperature 
Noise Power/Hz 
Noise Power - 45 KHz BW 
Received Power 
S / N  - 45 KHZ BW 
M I N  S/N - 45 Wz BW* 
S/N - 100 HZ 
400 MHz 
43 dbm 
0 db 
1 7 2  db 
100°K 
5 db 
1 db 
900°K 
-169 dbm/Hz 
-122.5 dbm 
-130 dbm 
-715 db 
-20 db 
1 9  db 
Estimated S/N Degraded Performance** 10  db 
800 MHz 
47 dbm 
0 db 
175 db 
50°K 
6 db 
1 db 
llOO°K 
-168 dbm/Hz 
-121.5 dbm 
-129 dbm 
-7.5 db 
-19 db 
19 db 
10 db 
* M I N  S J N  requi red  t o  a s su re  de t ec t ion  and one hour mean t i m e  t o  lock 
** Includes fading,  antenna and component degradation. 
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3.2 DOPPLER MEASUREMENT ACCURACY REQUIREMENTS 
To determine the allowable error in range rate determination, 
400 and 800 MHz rays were traced through a model ionosphere and 
atmosphere of Mars yielding two profiles of height versus phase 
delay (cycles). This data was converted by an Abel transform pro- 
gram to refractivity versus height. These refractivity profiles 
were then used to examine the deviation in refractivity when the 
phase delay was perturbed by additive random errors with a Gaussian 
distribution of zero mean and various standard deviations. The 
perturbed phase delay was then converted to refractivity by Abel 
transform and the perturbed refractivity was examined. An example 
is given below (Tables 3-2, 3-3, 3-4) for f = 400, 600 and 800 MHz 
with the error standard deviation of 0.009, 0,0135,  and 0.018 cycles 
respectively. For this case we can see that the error which is 
given in percentage is less than 2 percent except where the re- 
fractivity is small. The difference between the perturbed and 
original refractivity has an unbiased mean of -1.80 x 10 and a 
standard deviation of 0.008 N-units. 
-5 
To obtain this kind of accuracy requires that the phase error 
due to both the geometric doppler uncertainties and the measure- 
ment uncertainties be on the order of ,009 cycles or less at 400 
MHz (.018 cycles at 800 MHz) at each data point. Since a doppler 
measurement is to be every second, this corresponds to a relative 
velocity error requirement between the two vehicles of not more 
than .375 cm/sec. 
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TABLE 3-2 
REFRACTIVITY ERRORS VERSUS PHASE DELAY PERTURBATIONS 
( F  = 400 MHz, MAX. ERROR = 0.003 CYCLES) 
Height 
0 
5 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
115 
120 
125 
130 
140 
150 
160 
170 
180 
200 
225 
Orig ina l  
R e f r a c t i v i t y  
( N  u n i t s )  
3.478760 
2.441820 
1.642980 
0.786057 
0.362376 
0.175627 
0.120346 
0.127746 
0.186387 
0.347044 
0.879134 
-2.461560 
-15.810100 
-22.328500 
-25.409700 
-24.778100 
-22.697400 
-16.475300 
-11.058800 
-7.179620 
-4 e 580980 
-2.738040 
-1.083220 
-. 580869 
Perturbed 
R e f r a c t i v i t y  
(N u n i t s )  
3.45347 0 
2.519840 
1.633000 
0.77053 0 
0.391070 
0.158300 
0.108678 
0.126596 
0.180526 
0.360055 
0.878268 
-2.46464 
-15.80930 
-22.29750 
-25.46220 
-24.782300 
-22.691300 
-16.498700 
-11.051800 
-7.196310 
-4.573090 
-2.722660 
-1.079650 
-. 579662 
Difference 
(N u n i t s )  
2.52854 E-2 
-7.80211 E-2 
9.97723 E-3 
1.55265 E-2 
-2.86941 E-2 
1.73275 E-2 
1.16683 E-2 
1.14989 E-3 
5.86068 E-3 
-1.30106 E-2 
8.65551 E-4 
3.08153 E-3 
-7.82400 E-4 
-3.10112 E-2 
5.25405 E-2 
4.23777 E-3 
-6.07547 E-3 
2.33923 E-2 
-7.02567 E-3 
1.66922 E-2 
-. 007888 
-1.53839 E-2 
-3.56824 E-3 
-1.20732 E-3 
Re la t ive  
Error  
% 
.726850 
-3.195200 
0.607264 
1.975240 
-7.918310 
9.866060 
9.695630 
0.900135 
3.144360 
-3.748970 
9.84549 E-2 
-. 125186 
4.94874 E-3 
0.138886 
-. 206774 
-1.71029 E-2 
2.67673 E-2 
- .i4i 984 
6.35302 E-2 
-. 232494 
.172190 
.561859 
.329411 
.207847 
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TABLE 3-3 
REFRACTIVITY ERRORS VERSUS PHASE DELAY PERTURBATIONS 
( F  = 600 MHz, MAX. ERROR = 0.0135 CYCLES). 
Height 
5 
10 
20 
30 
40 
50 
70 
80 
90 
100 
110 
115 
120 
125 
130 
140 
150 
160 
170 
180 
200 
225 
2 50 
Perturbed 
Refractivity 
(N Units) 
2.425170 
1.649410 
0.768318 
0.339886 
0.167851 
0.130968 
8.761630 E-2 
0.164949 
0.408443 
-1.109110 
-7.005210 
-9.866600 
-11.200700 
-11.125100 
-10.136700 
-7.353520 
-4.927160 
-3.204260 
-2.033370 
-1.218450 
-0.472181 
-0.159433 
0 
Original 
ief ractivity 
(N Units) 
2.43570 
1.62920 
0.77186 
0.34540 
0.15683 
0.13566 
0.09194 
0.16540 
0.41060 
-1.11400 
-7.00520 
-9.86550 
-11.20130 
-11.13740 
-10.12270 
-7.35210 
-4.92930 
-3.19550 
-2.03590 
-1.21240 
-0.47438 
-0.16463 
0 
Difference 
(N Units) 
0.010533 
-2.02058 E-2 
3.54227 E-3 
5.51381 E-3 
-1.10212 E-3 
4.69169 E-3 
4.32375 E-3 
4.50957 E-4 
2.15708 E-3 
-4.89346 E-3 
1.21966 E-5 
1.10450 E-3 
-6.42747 E-4 
-1.23354 E-2 
1.40057 E-2 
1.42436 E-3 
-2.13659 E-3 
8.75658 E-3 
-2.52644 E-3 
4.24659 E-3 
-2.19937 E-3 
-5.19718 E-3 
0 
Relative 
Error 
% 
0.432444 
-1.240230 
0.458926 
1.596360 
-7,027510 
3.458420 
4.702790 
0.272647 
0.525348 
0.43 9269 
-1.741080 E-4 
-1.119560 E-2 
5.738140 E-3 
0.110757 
-0.138359 
-1.937350 E-2 
4.334470 E-2 
-0 e 274029 
-0.124095 
-0.349744 
0.463631 
3.156880 
5.78960 E-76 
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TABLE 3-4 
REFRACTIVITY ERRORS VERSUS PHASE DELAY PERTURBATIONS 
(F = 800 MHz, MAX. ERROR = 0.018 CYCLES) 
Height 
0 
5 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
115 
120 
125 
130 
140 
150 
160 
170 
180 
200 
225 
Original 
Refractivity 
(N Units) 
3.466870 
2.429280 
1.620160 
0.760787 
0.330747 
0.134994 
6.282830 E-2 
0.045063 
5.406860 E-2 
9.468030 E-2 
0.234132 
- .63 2107 
-3.937260 
-5.541260 
-6.297320 
-6.267500 
-5.701970 
-4.142690 
-2.776910 
-1.800170 
-1.147300 
-0.685247 
-0.270890 
-0.145240 
Perturbed 
Le f rac t iv i ty 
(N Units) 
3.474290 
2.419020 
1.624220 
0.761549 
0.337489 
0.128798 
6.176190 E-; 
5.536110 E-; 
6.185510 E-; 
6.934010 E-; 
0.237405 
-. 627441 
-3.972990 
-5.515760 
-6.284900 
-6.279910 
-5.702700 
-4.137930 
-2.773270 
-1.803050 
-1.144610 
-0.690110 
-0.278475 
-0.137649 
Difference 
(N Units) 
-7.41976 E-3 
1.02575 E-2 
-4.06139 E-3 
9.23840 E-3 
-6.74184 E-3 
6.19574 E-3 
1.06644 E-3 
-1.02981 E-2 
-7.78653 E-3 
2.53402 E-2 
-3.27251 E-3 
-4.66604 E-3 
3.57274 E-2 
-2.54956 E-2 
-1.24239 E-2 
0.012406 
7.342030 E-4 
-4.757400 E-3 
-3.638010 E-3 
2.884290 E-3 
-2.690770 E-3 
4.863050 E-3 
7.585480 E-3 
-7.591230 E-3 
Relative 
Error 
% 
-. 214019 
0.422243 
-. 250679 
1.. 214320 
-2.038370 
4.589640 
1.697390 
-22.852600 
-14.401200 
26.764000 
-1.397720 
0.738172 
-. 907418 
0.460105 
0.197289 
-.197942 
-1.287630 E-2 
0.114839 
0.131009 
0.160223 
0.234530 
-. 709679 
-2.800210 
5.226680 
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3 . 3  RANGE RATE ACCURACY REQUIREMENTS AND P O S I T I O N  UNCERTAINTIES 
A r ecen t  a n a l y s i s  (Ref. 27 )  conducted a t  the  Jet  Propulsion 
Laboratory i n d i c a t e s  t h e  c a p a b i l i t y  of determining the o r b i t s  of 
orbiters around Mars w i t h  extremely high accuracy. The r e s u l t s  
a r e  a l s o  app l i cab le  t o  Venus. The unce r t a in ty  i n  t h e  p e r i a p s i s  
a l t i t u d e ,  for  example, a f t e r  one o r b i t  was found t o  vary from a 
sigma of 0.4 meter t o  one of 40 m e t e r s  depending upon t h e  p a r t i c -  
u l a r  o r b i t a l  c h a r a c t e r i s t i c s .  S imi l a r ly ,  t h e  unce r t a in ty  i n  t h e  
per iod was discovered t o  be a t  most on t h e  o rde r  of 40 mil l iseconds.  
On t h e  b a s i s  of t h i s  s tudy,  it can be concluded t h a t  range r a t e  
accurac ies  on the  order of 0.15 cm/sec a r e  w e l l  wi th in  reason. 
The r e l a t i v e  unce r t a in ty  i n  t h e  p o s i t i o n  and v e l o c i t y  of t h e  t w o  
o r b i t e r s  r e l a t i v e  t o  each o t h e r  w i l l  t he re fo re  be on t h e  same 
o rde r  of magnitude ( g r e a t e r  by a t  m o s t  a f a c t o r  of 
sepa ra t e  p o s i t i o n  and v e l o c i t y  errors a r e  independent).  It  should 
be emphasized t h a t  these r e s u l t s  a r e  based on two-way doppler 
measurements only; i n  p a r t i c u l a r ,  they make no use of the  doppler 
l i n k  between t h e  t w o  orbiters. D. W. Curkendall ( R e f .  2 8 )  has 
shown t h a t  t h i s  l i n k  can be p a r t i c u l a r l y  e f f e c t i v e  i n  t he  de t e r -  
mination of the  r e l a t i v e  o r b i t s  of the  two orbiters.  E f f o r t  i s  
fl, if t h e  
being made t o  i n c l u d e  these da ta  i n  f u t u r e  o rb i t  determinat ion 
programs. Another approach being inves t iga t ed  involves a d i r e c t  
ex t r apo la t ion  of t h e  i n t e r o r b i t e r  doppler da t a  t o  es t imate  the  
geometric doppler when t h e  t ransmission pa th  includes the  Martian 
atmosphere. 
F i n a l l y ,  i t  should a l s o  be noted t h a t  the direct  range measure- 
ments, which w i l l  presumably be a v a i l a b l e  during a t y p i c a l  mission 
l i k e  t h e  Viking, a l s o  have no t  been used i n  these  o r b i t e r  p o s i t i o n  
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determinat ion programs. These d a t a ,  too,  could conceivably be 
used t o  improve t h e  accuracy of the  r e s u l t s ,  al though a t  p re sen t  
t h i s  does n o t  seem t o  necessary.  
It i s  therefore concluded t h a t  a range r a t e  r m s  e r r o r  of 
approximately 0.020 cm/sec appears q u i t e  f e a s i b l e ,  w i t h  even 
g r e a t e r  accurac ies  p o s s i b l e  when a l l  t h e  observat ions a r e  u t i l i z e d  
t o  t h e i r  f u l l e s t .  
3 . 4  PHASE Ml3ASUREMENT ACCURACY_ 
3.4.1 GENERAL 
Three sepa ra t e  doppler measurements a r e  l i k e l y  t o  be used i n  
a two-orbiter mission: 
( a )  The two-way doppler i n  the  Earth-Orbiter l i n k ,  
(b) The " s t e reo"  doppler i n  the  Earth-Orbiter I- 
O r b i t e r  11-Earth l i n k ,  
(c) The two-way doppler w i t h  l i n k  between t h e  two 
o r b i t e r s  (two f requencies ) .  
The f i r s t  t w o  a r e  used  t o  e s t a b l i s h  the  ephemerides of t h e  t w o  
o r b i t e r s  from which t h e  geometric doppler and t h e  l o c a t i o n  of the 
path between the  o r b i t e r s  can be determined. Since t h e  inaccuracy 
of t h e  phase measurements over these l i n k s  was taken i n t o  account 
i n  t h e  o r b i t  determinat ion,  no f u r t h e r  d i scuss ion  of these  l i n k s  
i s  requi red  here. The t h i r d  l i n k ,  however, i s  t h e  source of t h e  
experimental da t a  and t h e  accuracy w i t h  which t h i s  da t a  can be 
measured i s  c r i t i c a l  t o  the success of t he  experiment. The  pur- 
pose of t h i s  s ec t ion  i s  t o  analyze the p rec i s ion  with which t h e  
doppler between t h e  t w o  o r b i t e r s  can be measured. 
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The sources  of phase measurement errors can be divided i n t o  
* 
t h r e e  genera l  ca tegor ies :  (1) t h e  e r r o r  due t o  t h e  a d d i t i v e  
no i se  con t r ibu ted  i n  each of t h e  l i nks :  ( 2 )  t h e  equipment phase 
s t a b i l i t y ;  and (3 )  imperfect ions i n  the phase measuring equipment 
(quant iza t ion  error) .  
3.4.2 PHASE ERRORS DUE TO ADDITIVE N O I S E  
It  i s  shown i n  Sec t ion  3 . 1  t h a t  t h e  threshold  signal-to-noise 
r a t i o  a t  t h e  400 MHz input  t o  t h e  orbi ter  phase-locked loop i s  
nominally 19  dB (20 d B  a t  800 MHz) i n  a 100 H z  bandwidth. This  
implies  a phase-error s tandard devia t ion  of approximately 0.1 
rad ian  a t  t h e  loop output .  I f  1-second averages a r e  used t o  de- 
termine t h e  doppler r a t e ,  200 e f f e c t i v e l y  independent phase 
measurements can be made (by sampling t h e  loop output  a t  t h e  
Nyquist r a t e )  t o  determine each da ta  p o i n t ,  r e s u l t i n g  i n  a doppler 
frequency e r r o r  or  roughly .001 Hz and a phase error of ,001 
cycles .  This  r e s u l t  i s  over ly  o p t i m i s t i c ,  however, s ince  it ig- 
nores  t h e  con t r ibu t ion  of the  o the r  l i n k s ,  t h e  Earth-Orbiter I 
l i n k ,  and t h e  O r b i t e r  I-Orbiter I1 l i n k ,  t o  t h e  o v e r a l l  phase 
e r r o r .  
2 
T h e  t o t a l  ou tput  phase var iance ( 0  ) due t o  t h e  thermal noise  @ 
cont r ibu ted  by t h e  t h r e e  combined l i n k s  i s  
~ ~ _ _ ~ ~ ~  ~ 
* A f o u r t h  p o t e n t i a l  source of e r r o r  i s  t h a t  due t o  the r e l a t i v e  
a c c e l e r a t i o n  between t h e  two o r b i t e r s  causing a s teady s t a t e  
t r ack ing  error. W i t h  t he  loop bandwidth and o r b i t a l  conf igura t ion  
i n  e f f e c t  here, however, t h i s  con t r ibu t ion  t o  the  o v e r a l l  e r r o r  i s  
e n t i r e l y  n e g l i g i b l e .  
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where N is the single-sided noise spectral density and A the 
signal amplitude at the input to the i loop, H ( o )  is the loop 
transfer function. 
i th i 
2 
( s  = j c u )  Ks + K /4 
s2 + Ks + K /4 2 
H ( s )  = 
and K the loop gain. Expressed in terms of the noise bandwidth 
B Qf a single loop (B = 5K/16), oQ, becomes 
2 
L L 
N3BL 
A3 
+ -  4 8 3  
5 x 2  
- 2 
7 2 2 2 @ CT 
Assuming all three loop inputs simultaneously attain their threshold 
values, 
* 
2 -4 the phase error variance would be CI = ( 2 . 2  x 10 1 BL. 4) 
* 
The Earth-Orbiter I link signal-to-noise ratio is based on the 
Mariner 4 parameters and is normalized to reflect the difference 
in frequency between this link and the inter-satellite links. 
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This, in turn, yields a phase-error variance of 
-2 2 = (2.2 x 10 ) rad 2 % 
when the three loops all have 100 Hz noise bandwidths. This 
represents a 76% increase over the variance contributed by the 
third loop alone. 
The rms noise-induced phase error resulting from a one-second 
average at the loop output is therefore approximately .0017 cycles. 
Since one of the measurements involves comparing the relative phase 
shifts at the two frequencies, the total error in this measurement 
will be greater by a factor of flthan either of the individual 
errors. The error contributed over the Earth-Orbiter I link, 
while common to both these errors, is entirely negligible. Thus, 
the fl factor is applicable. 
3 . 4 . 3  EQUIPMl3NT PHASE STABILITY 
The refractivity measurements require overall rms errors in 
the doppler residuals within 0.01 Hz at 400 MHz and 0.02 Hz at 
800 MHz. This in turn requires that the components used in the 
instrumentation have negligible phase changes as a function of 
temperature and signal amplitude. As far as the phase stability 
is concernkd of typical building blocks of the refractivity 
measurement instrumentation, we remind that typical phase rota- 
tions in an I.C. amplifier are 2 O ,  with input amplitude variations 
of 60 dB. Also phase rotations due to temperature changes are 
negligible. 
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In order to cause, for instance, a 0.001 Hz doppler noise, a 
temperature change of 150°C, capable of producing a 16' phase 
rotation, should take place in an unrealistically short 5-minute 
time interval. 
It can be concluded, therefore, that present state-of-the-art 
electronic blocks are fully adequate to guarantee the phase 
stability necessary for the desired refractivity measurement 
accuracy. 
3 4.4 QUANTIZATION ERROR 
The doppler shift that affected the received signals is to be 
measured by mixing it with a reference, adding a bias tone, and 
multiplying the resulting frequency by a factor of 100, and count- 
ing its zero-crossings. Since the maximum two-way doppler fre- 
quency between the two vehicles will never exceed 6.9 kHz (at 
800 MHz) the frequency of the bias could be chosen to be 7 kHz, 
and the frequency of the doppler signal plus this bias can range 
over the interval 0 to 14 kHz. This doppler counter then counts 
the positive- and negative-going zero-crossings of the signal 
obtained by passing this signal through an xl00 frequency multi- 
plier, yielding a quantization error bounded by 2 .005  H z  and 
having an rms value of .003 H z .  The counter output is observed 
every 5 msecs. The doppler count processor computes the average, 
at each of 20 successive observation instances, of the number of 
counts accumulated over the previous second. Since the minimum 
biased doppler frequency will be at least 100 Hz, the frequency 
at the counter input will be at least 10 M z  and the quantization 
errors at each observation will therefore generally be reduced by 
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t h e  f a c t o r  l / V m 7 .  
however, when t h e  frequency being counted i s  nea r ly  equal t o  some 
mul t ip l e  of t h e  100 sample sec counting r a t e .  In  any even t ,  t h e  
doppler frequency quan t i za t ion  error i s  bounded by t h e  .003 H z  
r m s  value mentioned above. 
An exception t o  t h i s  s ta tement  must be made, 
3.4.5 TOTAL ATTAINABLE DOPPLER ACCURACY VERSUS REQUIRED ACCURACY 
I n  summary, the  r m s  doppler frequency measurement e r r o r  due 
t o  t h e  a d d i t i v e  no i se  w i l l  be on the  order  of .0017 H z  a t  nominal 
th reshold  condi t ions ,  t h a t  due to  t h e  equipment i n s t a b i l i t i e s  on 
t h e  order of a t  most .001 H z ,  and t h a t  due t o  quant iza t ion  error 
a t  m o s t  .003 Hz. The combined e r r o r ,  t h e r e f o r e ,  should have an 
r m s  value of no t  more than .0036 H z .  The geometric doppler un- 
c e r t a i n t y  con t r ibu te s  a two-way r m s  frequency e r r o r  of approxi- 
mately .006 Hz a t  400 MHz. The r m s  doppler frequency e r r o r  due 
t o  measurement accuracy l i m i t a t i o n s  a t  800 MHz should be v i r t u -  
a l l y  i d e n t i c a l  t o  those a t  400 MHz. The geometry doppler uncer- 
t a i n t i e s ,  of course,  a r e  d i r e c t l y  propor t iona l  t o  the frequency, 
and a t  800 MHz these  u n c e r t a i n t i e s  con t r ibu te  an r m s  frequency 
error of approximately .012 HZ r e s u l t i n g  i n  a t o t a l  r m s  frequency 
error of .014 H z .  Thus, t h e  a t t a i n a b l e  r m s  frequency errors a t  
both 400 MHz and 800 MHz c l o s e l y  approximate the  des i r ed  .01 H z  
and .02  H z  va lues ,  respec t ive ly .  
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3.5 PHASE-LOCKED LOOP ACQUISITION 
The ultimate doppler estimation accuracy is a function of the 
averaging interval and is effectively independent of the phase- 
locked loop parameters. The loop bandwidth, however, must be 
chosen to effect a compromise between two conflicting require- 
ments: (1) It must be sufficiently small that the probability of 
losing lock anytime during the observation period be negligible 
and (2 )  it must be large enough to enable the loop to come into 
lock after occultation in a small fraction of a second. 
The mean-time to loss-of-lock is plotted in Figure 3-1 as a 
function of the loop signal-to-noise ratio. At nominal threshold 
condition, allowing a 10 dB margin, the signal-to-noise ratio in 
a 100 Hz orbiter loop bandwidth would be 9 dB at 400 MHz. This 
would correspond to a mean-time to loss-of-lock of about 230 hours 
(cf. Figure 3-1). Thus, a loop bandwidth of 100 Hz is acceptable 
and also meets the accuracy requirements. 
Having specified the loop bandwidth, one can then estimate 
the time needed to bring the loop into lock by referring to 
Figure 3-2. This acquisition time, of course, is a function of 
the difference Of between the received signal and the VCO fre- 
quencies. After 2 hours or so of occultation, this difference 
can be expected to be on the order of 1000 Hz or more. Thus, the 
lock-up time could be as great as 6 seconds without sweeping, and 
0.5 seconds even when the VCO is swept in frequency across the 
region of uncertainty. Since the lock-up time must be small 
relative to one second if measurements are to be made through the 
first, post-occultation cell, and since two loops must be brought 
into lock in sequence before a link is closed, even a 0 . 5  second 
lock-up time is undesirable. 
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Figure 3-1 Mean-Time-to-Loss of Lock Vs Signal-to-Noise Ratio 
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At = MAX FREQUENCY UNCERTAIN TY 
NO SWEEPING 
/ 
0 
Figure 3-2 Loop Lock-Up T i m e  V s  Loop Bandwidth 
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To reduce t h e  a c q u i s i t i o n  t i m e ,  t h e r e f o r e ,  t h e  following 
scheme i s  proposed: T h e  400 MHz and 800 MHz VCO frequencies  on 
both  O r b i t e r  I and O r b i t e r  I r  w i l l  be monitored and te lemetered 
back t o  Earth.  Since t h e  s i g n a l s  t r ansmi t t ed  from Orbi te r  I a r e  
frequency mul t ip l i ed  vers ions  of t h i s  s i g n a l  received from Ear th ,  
and s ince  t h e  geometric doppler components must be q u i t e  accu ra t e ly  
known, t h e s e  s i g n a l s  can be placed wi th in  a f e w  Hz of the known 
VCO frequencies  on O r b i t e r  11. The lock-up t i m e  w i l l  thereby be 
on t h e  o rde r  of mil l iseconds.  (If t h e  400 MHz and 800 MHz O r b i t e r  
I1 VCO cen te r  f requencies  have d r i f t e d  s i g n i f i c a n t l y  with r e spec t  
t o  each o t h e r ,  it may be necessary f i r s t  t o  b r ing  one of the 
Orb i t e r  I1 phase-locked loops i n t o  lock,  and then,  by a l t e r i n g  
t h e  Earth-Orbiter I frequency, t o  b r ing  t h e  second loop i n t o  lock . )  
The frequencies  of the  s i g n a l s  re turned  from O r b i t e r  I1 t o  O r b i t e r  
I can a l s o  be p red ic t ed  q u i t e  p r e c i s e l y  on t h e  b a s i s  of t h e  geo- 
metric doppler and t h e  O r b i t e r  I VCO's can be biased i n  advance 
on command from t h e  Ear th ,  so a s  t o  be o s c i l l a t i n g  a t  these pre- 
d i c t e d  va lues .  Again, t h e r e f o r e ,  the d i f f e r e n c e  between the re- 
ceived s i g n a l  f requencies  and t h e  VCO cen te r  f requencies  can be 
kep t  t o  wi th in  a f e w  Hertz ,  r e s u l t i n g  i n  an extremely small  lock- 
up t i m e .  The t o t a l  t i m e  requi red  t o  complete the  a c q u i s i t i o n  
process  using t h i s  approach w i l l  nominally be a small f r a c t i o n  of 
a second, allowing meaningful measurements t o  be made even through 
t h e  f i r s t  pos t -occul ta t ion  cell.  T h i s  scheme, of course,  does 
r equ i r e  t h a t  both o r b i t i n g  v e h i c l e s  be v i s i b l e  t o  the  Ear th  f o r  
s eve ra l  minutes p r i o r  t o  the i r  emerging from occu l t a t ion  with 
r e spec t  t o  each o the r .  When t h i s  i s  n o t  the case ,  t h e  lock-up 
t i m e  w i l l  gene ra l ly  by much g r e a t e r  and t h e  f i r s t  s eve ra l  observa- 
t i o n  ce l l s  w i l l  be los t .  Nevertheless ,  w i t h  t he  o r b i t a l  
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conf igura t ions  p r e s e n t l y  p red ic t ed ,  t h e  f r a c t i o n  of t h e  t i m e  t h a t  
e i t h e r  of t h e  t w o  veh ic l e s  is  i n v i s i b l e  t o  Ear th  upon emergence 
from o c c u l t a t i o n  i s  extremely small .  The f e w  observat ions l o s t  
because of t h i s  phenomenon w i l l  hard ly  be missed. 
3.6 EFFECT OF THE MULTIPATH ON THE PERFOFUYIANCE OF THE 
PHASE LOCKED LOOP 
3 .6 .1  CASE OF PATHS WITH EQUAL SIGNAL AMPLITUDE 
I f  a two-path mult ipath s i t u a t i o n  i s  p resen t ,  t h e  phase-locked 
loops i n  t h e  r ece iv ing  orb i te r  a r e  confronted with slowly fading 
s igna l s .  Because t h e  per iod of t h i s  fading may be q u i t e  long ,  
t h e  r e c e i v e r  loops may no t  be ab le  t o  r e t a i n  lock over a complete 
fading cycle .  On t h e  o t h e r  hand, s i n c e  t h e  fading may be very 
s l o w ,  and s i n c e  presumably t h e  loop can be designed t o  reacqui re  
t h e  s i g n a l  i n  a f e w  mil l iseconds once i t s  l e v e l  exceeds some 
threshold va lue ,  t h e  t i m e  needed t o  b r ing  a loop i n t o  lock follow- 
ing a deep fade can be a n e g l i g i b l y  small f r a c t i o n  of t h e  t i m e  
between these fades.  
Figure 3-3 shows the  percentage of t i m e  t h e  s ignal- to-noise  
r a t i o  i n  any one of t h e  r ece ive r  loops w i l l  be above threshold  a s  
a func t ion  of the  t ransmi t ted  power, w i t h  0 d B  represent ing  the  
threshold  power needed where only one pa th  present .  Since two 
phase-locked loops must both be i n  lock for one complete o r b i t e r -  
t o - o r b i t e r  l i n k  t o  be ope ra t ive ,  and s ince  two complete l i n k s  a r e  
needed for  t h e  experiment, Figure 3-3 a l so  shows t h e  percentage 
of t i m e  t w o  and four  independent loops w i l l  be simultaneously 
opera t ing  above threshold  a t  given t r a n s m i t t e r  power l e v e l s .  
These percentages can a l s o  be i n t e r p r e t e d  a s  the  approximate 
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P e r c e n t a g e  of Time Loop S/N Above T h r e s h o l d  
F igu re  3-3 Phase Lock in Presence of Multipath 
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percentage of time the loop(s) will be in lock during a two-path 
multipath situation. Thus, for example, if all four links are to 
be in lock at least 50% of the time during the multipath interval, 
the signal levels must be approximately 6 dB above their normal 
threshold. The required signal level is a rapidly increasing 
function of the percentage of time in-lock operation is desired, 
however, especially beyond the 80% point. If a 2Ph or more data 
loss is not acceptable, therefore, it might be well to consider 
alternative approaches. It should be possible, for example, to 
modulate adaptively the transmitted signal phase in order to com- 
pensate at least partially for the medium-induced modulation and 
hence to prevent the two paths from cancelling each other. The 
complexity of the equipment needed to accomplish this, however, 
could well limit its attractiveness. 
In the situation considered in this section, the receiver 
phase-locked loop attempts to track the sum of two essentially 
equal amplitude signals of the form 
sin (uot + 8 .  (t)) i =  1, 2 
1 
Thus, the received signal can be expressed as 
sin (LU t + 0 (t)) + sin (cu t + e2(t)) 
0 1 0 
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The primary source of differential variation between the two 
phases 8 (t) and 8 (t) is due to the change in the relative path 
length as the two satellites move in their orbits. To a good 
approximation this variation can be assumed to be linear with 
time. Thus, 
1 2 
with 
d?: (t) a =  W 1 o dt 
and with z(t) the difference in the path delays associated with 
the two paths. For the sake of examplification, let's have 
M .003 nonosec/sec d?: (t) dt 
and if 
W 
0 z 2.2 GHz -
277- 
CD - x 0.0066 H z  
2T 
Accordingly, the signal at the input to the phase-locked loop 
is a sinusoid having a slowly modulated amplitude. 
of course, is also modulated. It is this modulation, which rep- 
resents the information of interest, that the loop is designed 
to extract. It should be noted, incidentally, that the phase in- 
formation produced by the loop w i l l  represent the average phase 
(Its phase, 
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s h i f t  over t h e  t w o  p a t h s ,  no t  t h e  phase s h i f t  over e i t h e r  one of 
them.) Since t h e  frequency of t h i s  amplitude modulation i s  much 
smaller  than loop bandwidth, t h e  loop w i l l  be ab le  t o  t r a c k  t h e  
received s i g n a l  v i r t u a l l y  a s  i f  it had a cons t an t  amplitude, so 
long a s  t h i s  amplitude remains above i t s  threshold  value.  
The sol id  curve i n  Figure 3 - 3  si.mply r ep resen t s  t h e  percentage 
of t i m e  the  q u a n t i t y  
u t + @  
2a cos [ 1 ) 
exceeds u n i t y  i n  absolu te  magnitude a s  a func t ion  of t h e  parameter 
a.  This i s  equiva len t  t o  the percentage of t i m e  t h e  loop s igna l -  
to-noise r a t i o  exceeds some threshold  value a s  a func t ion  of the 
t r ansmi t t ed  s i g n a l  l e v e l .  The o t h e r  two curves i n  Figure 3-3 
f o l l o w  immediately f r o m  t he  s o l i d  curve under t h e  assumption t h a t  
t he  l e v e l  of fading a t  any given t i m e  i s  independent from l i n k  t o  
l i n k .  This  assumption i s  presumably j u s t i f i e d  here s ince  the l i n k s  
a r e  a l l  opera t ing  a t  d i f f e r e n t  f requencies .  
3 . 6 . 2  CASE OF PATHS WITH NON-IDENTICAL S I G N A L  AMPLITUDE 
The r e s u l t s  of the previous sec t ion  a r e  extended here t o  in- 
c lude the  s i t u a t i o n  i n  which t h e  l o s s e s  a s soc ia t ed  wi th  t h e  t w o  
t ransmission pa ths  a r e  n o t  i d e n t i c a l .  T h e  major conclusions re- 
s u l t i n g  from t h i s  a n a l y s i s  are:  
(1) The magnitude of t h e  d i f f e rence  between the  phase of 
the  loop output  s i g n a l  and t h e  dominant of t h e  t w o  received s ig-  
n a l s ,  i s ,  i n  the  absence of no i se ,  bounded by some value 0 
where Q 5 7r/2 radians.  ( T h i s  s ta tement  holds ,  i n c i d e n t a l l y ,  
even when t h e  two s i g n a l s  have i d e n t i c a l  magnitudes.) 
max 
max 
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(2) The magnitude of t h e  frequency error caused by the  
presence of t h e  second pa th  can a c t u a l l y  be considerably l a r g e r  
when t h e  t w o  s i g n a l s  do no t  have equal amplitudes than when they 
do. 
The r ece ive r  phase-locked loop at tempts  t o  t r ack  t h e  sum of 
t w o  s i g n a l s  of t h e  form 
a s i n  (u, t + @ ' ( t ) )  
0 
and 
b s i n  (W t + @(t ) )  
0 
, T h i s  s i g n a l  can be expressed a s  
a s i n  (w t + @ ' ( t ) )  + b s i n  ('Dot + @ ( t ) )  = 
0 
A(@', @ )  s i n  ( U t  + e ( @ ' ,  a ) )  
where 
2 1 / 2  
A = a ( 1  + y + 2 y  COS ( 0 '  - 0 ) )  
s i n  @ '  + y s i n  @ 
cos 0 '  + y cos @ e = tan-' { 
y = b/a. 
w i t h  
( 3 - 1 )  
By assuming t h a t  0 '  - @ i s  a slowly varying func t ion  during 
t h e  t i m e  i n t e r v a l  on the orde r  of t h e  r ec ip roca l  of t h e  loop band- 
width,  t he  loop ou tpu t ,  neglec t ing  the effects  of no i se ,  w i l l  be 
simply 
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so long a s  A exceeds t h e  loop threshold.  The loop phase e r r o r ,  
r e l a t i v e  to  t h e  dominant s i g n a l ,  t h e r e f o r e ,  w i l l  be 
Without loss  of g e n e r a l i t y ,  w e  can assume t h a t  y < 1, and 
r ede f ine  both t h e  t i m e  o r i g i n  and CD so t h a t  @ '  = 0. Then 4 rep- 
r e s e n t s  the  phase d i f f e r e n c e  between the two s i g n a l s  and 
0 
t h e  t r ack ing  error ,  wi th  0 always taken a s  t h e  p r i n c i p a l  value of 
t h e  inverse  tangent.  This  func t ion  i s  p l o t t e d  i n  Figure 3-4 f o r  
s eve ra l  values  of y .  
A s  @ v a r i e s  over t h e  range -T < 4 <-TI-, t h e  received s i g n a l  
amplitude 
2 1 /2  
(3-5) \ A = a ( 1  + y + 2y cos 0) 
may, o r  may no t ,  drop below threshold ,  depending upon t h e  value 
of a .  The po in t  a t  which t h i s  w i l l  happen is  a l s o  shown i n  
Figure 3-4 f o r  var ious  power l e v e l s  of t he  dominant s i g n a l  ( w i t h  
0 dB represent ing  t h e  loop threshold  w e r e  only one s i g n a l  p r e s e n t ) .  
Thus, f o r  example, i f  t he  dominant s i g n a l  i s  3 d B  above threshold ,  
and y = 3/4, the t r ack ing  e r r o r  w i l l  vary from approximately -n/4 
rad ians  t o  7r/4 r ad ians  from t h e  t i m e  the  loop comes i n t o  lock, a t  
4 w -3n/4, u n t i l  it l o s e s  lock a t  @ 5 3 ~ / 4 .  ( I f  d@/dt i s  negat ive 
t h i s  same v a r i a t i o n  occurs ,  b u t  i n  t h e  reverse  d i r e c t i o n . )  I f  y 
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LOSS OF LOCK POINTS 
0 6 d B  
'CJ 3 d B  
0 O d B  
A-3 dB 
// 
- 7T/2 
Figure 3-4 
Tracking Error as a Function o f  Ratio of t h e  Two Paths '  Amplitudes 
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w e r e  u n i t y ,  t he  loop would remain i n  lock s l i g h t l y  longer ,  while 
t h e  phase e r r o r  v a r i e s  between -37r/8 and 37r/8. 
The percentage of t i m e  the  loop can be expected t o  s t a y  i n  
lock a s  a func t ion  of the power i n  the  dominant s i g n a l  i s  shown 
i n  Figure 3-5 for var ious va lues  of y. The r a t h e r  obvious f a c t  
t h a t ,  except when y = 1, t h e  s i g n a l  power can be increased t o  the 
po in t  a t  which t h e  loop w i l l  never l o se  lock ,  w i l l  be observed. 
The r a t i o  of t h e  r a t e  of v a r i a t i o n  
( f '  = de/dt)  t o  t h a t  of t h e  d i f f e rence  
s i g n a l s ,  f = d@/dt ,  i s  
2 
cos @ + y f ' / f  = 
y + 1 + 2y cos @ 
f '  of t h e  phase e r r o r  
i n  phase between the  two 
(3-6) 
This  func t ion  a t t a i n s  i t s  maximum value a t  t he  po in t  @ = 0 and 
i t s  minimum a t  @ = 7 r :  
Since t h e  loop may drop ou t  of lock before  @ = IT, t h e  maximum ob- 
served frequency e r r o r  w i l l  depend on t h e  po in t  a t  which the  loop 
loses lock ,  and hence on t h e  s i g n a l  l e v e l .  The maximum absolu te  
value of t h e  normalized frequency error i s  shown i n  Figure 3-6, 
again a s  a func t ion  of the power i n  the  dominant s i g n a l  w i t h  0 d B  
represent ing  threshold .  
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A s  a p o i n t  of r e fe rence ,  i n  the  example considered i n  Sec t ion  
3.6.1 f was found t o  be 0.0066 Hz. Thus, i f  y = 3/4, and i f  the 
dominant s i g n a l  i s  a t  l e a s t  1 2  dB above th re sho ld ,  t h e  magnitude 
of t h e  t r ack ing  e r r o r  due t o  t h e  presence of t h e  second s i g n a l  can 
be a s  l a r g e  a s  .02 H z ,  a value which i s  n o t  n e c e s s a r i l y  small  com- 
pared t o  the  frequency v a r i a t i o n  which i s  t o  be measured. T h i s  
m u l t i p l i e r  e f f e c t  w i l l  be even g r e a t e r ,  of course,  f o r  l a r g e r  
values  of y ,  provided the  s i g n a l  l e v e l  i s  s u f f i c i e n t l y  high. 
( N o t e  t h a t  when y = 1, the  r a t i o  f ' / f  never exceeds 1 /2  s i n c e  
t h e  loop i s  quaranteed to l o s e  lock  a t  the  p o i n t  Q, = TI-.) 
On t h e  other  hand, these l a r g e  frequency e r r o r s  w i l l  e x i s t  
fo r  s h o r t e r  and s h o r t e r  i n t e r v a l s ,  a s  y i s  increased ,  a s  can be 
seen from Figure  3-4. Thus, i f  t h e  measure of concern i s  the  
average observed frequency over some r e l a t i v e l y  long i n t e r v a l  of 
t i m e ,  t he se  l a r g e  peaks need n o t  be troublesome. In  p a r t i c u l a r ,  
if the average i s  t o  be taken over the whole i n t e r v a l  a s  Q, pro- 
g r e s s  over a range of 27- r ad ians ,  and t h e  loop does not  l o s e  lock 
over t h i s  i n t e r v a l ,  t h e  average frequency error w i l l  be i d e n t i c a l l y  
zero.  I n t e r e s t i n g l y ,  g r e a t e r  frequency e r r o r s  may w e l l  be observed 
for  smaller  values  of y ,  as  i s  seen from Figure 3-6. When the  
s i g n a l  l e v e l  i s  6 d B  above i t s  threshold ,  for example, a y = 1/2 
s i t u a t i o n  r e s u l t s  i n  t w i c e  a s  l a r g e  a maximum frequency e r r o r  a s  
does e i t h e r  y = 1 or y = 3/4. Fu r the r ,  s i n c e  the  y = 1/2 fre- 
quency peak i s  considerably broader than t h a t  r e s u l t i n g  when 
y = 3/4, a longer averaging i n t e r v a l  is  needed t o  reduce t h e  
effect  of t h i s  error. 
To summarize, t he  e f f e c t  of t h e  second path on t h e  measure- 
ments of i n t e r e s t  depends upon four  bas i c  parameters: 
3-31 
1. The power in the dominant signal 
2. The relative amplitudes of the two signals 
3. The difference in their frequencies 
4. The interval over which the observed frequency is to 
be averaged to produce a data point. 
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4. OUTLINE OF THE INSTRUMENTATION REQUIRED BY 
THE ORBITER-TO-ORBITER EXPERIMENT 
4.1 INSTRUMENTATION IMPLEmNTED A S  SEPARATE PAYLOAD 
An i d e a l  instrumentat ion f o r  t h e  p a i r  of o r b i t e r s  would be 
t h e  one i l l u s t r a t e d  i n  the  block diagrams of Figures  4-1 and 4-2. 
I n  t h e  f i g u r e s  the frequency p a i r  chosen i s  400 MHz/800 MHz, b u t  
any o the r  p a i r  could be accommodated, l i k e  400 MHz/lOOO MHz o r  
400 MHz/2200 MHz. 
I n  t h e  f i g u r e s ,  opera t ion  i s  shown with t h e  con t ro l  switch i n  
p o s i t i o n  1 which r ep resen t s  t h e  condi t ions  whereby s i g n a l s  or ig-  
i n a t e  i n  Orbiter I wi th  O r b i t e r  I1 being merely a transponder. 
The converse i s  p o s s i b l e  when con t ro l  switches a r e  i n  p o s i t i o n  2.  
This w i l l  permit opera t ion  when e i t h e r  orbiter is  occul ted  from 
the  Earth and w i l l  a l s o  provide redundancy for increased r e l i a -  
b i l i t y .  
The system requires a h ighly  s t a b l e  s i g n a l  i n  order t o  make 
t h e  phase measurements t o  the des i r ed  accuracy. Phase e r r o r s  of 
0.035 H z  i n  a 100 Hz bandwidth r equ i r e  s t a b i l i t i e s  of g r e a t e r  
than 1/10 
i n  the  Mariner 69 RF subsystem had s t a b i l i t i e s  of 1/10 per  second. 
It  i s  f e l t ,  t h e r e f o r e ,  t h a t  opera t ion  wi th  a phase locked t o  the  
S-band frequency t ransmi t ted  from Earth ( s t a b i l i t y  1/10 per  
second) i s  des i r ab le .  This w i l l  permit r e f r a c t i o n  measurements 
t o  be made t o  t h e  desired accuracy a t  a l l  t i m e s  t h a t  one of t h e  
t w o  o r b i t e r s  a r e  v i s i b l e  from Earth.  O r b i t a l  determinat ions based 
on o r b i t s  designated by NASA have shown t h a t ,  a t  a l l  t i m e s ,  a t  
l e a s t  one s a t e l l i t e  w i l l  be v i s i b l e  and i n  m o s t  ins tances  both 
s a t e l l i t e s  w i l l  be v i s i b l e .  
9 per  second a t  400 MHz. The a u x i l i a r y  o s c i l l a t o r s  used 
7 
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In each orbiter, the synthesizer will lock the phase of the 
experiment frequency to the phase of the RF subsystem frequency 
as received from Earth. The design of the synthesizer could be 
done along the lines of a phase-locked loop similar to that shown 
in Figure 4-3. The actual multiplication factor which the synthe- 
sizer is expected to supply cannot be ascertained until the fre- 
quencies of the radio subsystems are known. A synthesizer should 
be designed for each orbiter and different frequencies on the 
input can be accommodated. The second synthesizer is redundant 
for purposes of the experiment and such redundancy would increase 
the reliability as well as permit an interchange of signal origin. 
1 
REFERENCE 
OSCILLATOR r 
I O  MHz 
30MHz 
- - Y = - - ? - - i N p u T  
IOMHz 
IF 
F ILTER vco - - PLlE R 
OUTPUT 
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2 X40 8 40 800 
3 x 2  I 400 4 2 0  
4 X42 800 8 40 
PHASE LOCKED MULTIPLIER INPUT 
LOOP NO. 
Figure 4-3 Phase Locked Loops 
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The 400 MHz and 800 MHz signal from the synthesizer would be 
amplified and transmitted in a high efficiency transistor ampli- 
fier. Outputs of 20 watts and 50 watts at an efficiency of 40% 
for the two frequencies are within state of the art in the design 
of these amplifiers. 
The 800 MHz and 400 MHz signals are transmitted to the second 
orbiter which translates it to 840 MHz and 420 MHz and retransmits 
it to the first. Transmission originating at either orbiter with 
the other acting as the transponder is possible. 
The receiver for each frequency consists of a phase-locked 
loop (see Figure 4-3) with the necessary input RF' amplifier and 
filter. All receivers are similar with the exception of the mul- 
tiplication in the output. Use of common IF and VCO's is desir- 
able and economical. 
The low level signal input to the receiver ( - 1 2 9  dBm at 800 
MHz) and the high level of transmission (47 dBm) impose a require- 
ment for an isolation of 176 dB between transmission and reception. 
This can be accomplished, even though a common antenna is used, 
by separating the transmitted and received frequency (40 MHz 
separation at 800 MHz) and by the use of a circulator (40 dB iso- 
lation). An input filter in the receiver provides the isolation 
associated with the frequency difference. 
In the phase-locked loops, a S/N on the order of 17.5 dB is 
desirable in order to guarantee maintenance of lock. This loop 
S/N (SM%) determines the phase error due to noise and the loop 
bandwidth. Thus: 
t 1 
1 e no = 7 / 2 ( S N % )  = .092 radians 
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which exceeds t h e  requi red  phase accuracy. 
The loop bandwidth can be expressed as:  
where 
= r ece ive r  p rede tec t ion  bandwidth 
BO 
SNR = prede tec t ion  SNR. 
0 
Assuming B = 45 kHz (a simple quar tz  c r y s t a l  f i l t e r  centered 
0 
a t  t h e  second I F  frequency):  
r 
KTB F 
P 
SNR = 
0 
0 
where: 
P = power received = -129 dBm ( w o r s t  case)  
FKT = -165 dBm 
r 
o r  
SNR = -9 dB 
0 
and 
= 100 Hz. BL 
With a narrow bandwidth system such a s  t h i s ,  s i g n a l  acquis i -  
t i o n  t i m e  can become a problem, e s p e c i a l l y  j u s t  a f t e r  occu l t a t ion  
when it i s  d e s i r a b l e  t o  ob ta in  d a t a  immediately. The doppler 
s h i f t  can be a s  much a s  1 kHz removed from i t s  former (pre-occul- 
t a t i o n )  value.  I f  f o r  some reason t h e  frequency d i f f e rence  between 
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input  and VCXO i s  less than t h e  loop bandwidth, the  loop w i l l  lock 
up almost ins tan taneous ly  without  s l i p p i n g  cyc les .  The maximum 
frequency d i f f e r e n c e  for  which t h i s  f a s t  a c q u i s i t i o n  is  poss ib l e  
i s  c a l l e d  t h e  lock-in frequency AW Lo 
% 2 r f  = 31.8 Hz 
AfL N 
where 
BL 
f N  77- 
= n a t u r a l  loop frequency = - (4r2/1 + 4 r )  
r = 0.5 (damping f a c t o r )  
The maximum d i f f e r e n c e  frequency from which t h e  loop w i l l  eventu- 
a l l y  lock i t s e l f  i s  c a l l e d  t h e  pu l l - in  frequency OW . 
P 
where 
w = 2TfN 
N 
In  order  t o  c a l c u l a t e  Af it i s  f i r s t  necessary t o  determine K . 
Loop gain  (Kv) , s t a t i c  phase error ( e  ) , and doppler bandwidth 
(AW) a r e  r e l a t e d  by 
P V 
V 
4 - 6.8 x 10 K = - -  AW 
V 
V e 
Therefore ,  
A f  s 830 H z  
P 
The determinat ion of A f  i n d i c a t e s  t h a t  i f  t h e  expected doppler 
s h i f t e d  frequency i s  wi th in  31.8 Hz of t h e  VCXO i n  t h e  PLL, t h e  
L 
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VCXO w i l l  lock-up t o  t h e  unknown frequency w i t h o u t  s l i p p i n g  cycles:  
however, i f  t h e  expected doppler s h i f t e d  frequency i s  g r e a t e r  than 
AfL b u t  less than Af , t h e  VCXO w i l l  eventua l ly  lock-up b u t  w i l l  
s k i p  cycles. The t i m e  to  lock-up can be computed from 
P 
I f  t h e  expected doppler  s h i f t  i s  500 Hz, t he  p u l l - i n  t i m e ,  T , i s  
equal t o  1 . 2 5  seconds, which i s  much too  long f o r  i n i t i a l  acqui- 
s i t i o n .  
P 
The above c a l c u l a t i o n s  d i c t a t e  t h a t  t h e  VCXO must  be swept 
through t h e  expected doppler s h i f t e d  frequency band i n  o rde r  t o  
acqui re  i n  less t i m e .  I f  t h e  unknown frequency i s  known wi th in  
31.8 H z  t h e  PLL w i l l  lock-up without skipping cyc les ,  f o r  t h i s  
p a r t i c u l a r  loop i n  ques t ion ,  and t h e  lock-up t r a n s i e n t  w i l l  occupy 
l/W seconds ( 5  mi l l i s econds ) .  This  suggests  t h a t  i f  t h e  VCXO 
cou ld  be coa r se  tuned w i t h  a s t a i r c a s e  vol tage  waveform t h e  loop 
could be locked up f a s t e r .  A block diagram of t h i s  approach i s  
shown i n  Figure 4-4. The block diagram w i l l  be discussed f o r  the 
s i t u a t i o n  where the VCXO i s  i n i t i a l l y  1000 Hz away from the  higher  
unknown input  frequency. Since t h e  n a t u r a l  loop frequency ( f  ) 
is  only 31.8 Hz t h e  PLL w i l l  n o t  lock-up, t he re fo re  t h e r e  w i l l  be 
an output  from t h e  "lock i n d i c a t o r "  c i r c u i t .  When t h e  c lock pu t s  
ou t  a pu l se  both inpu t s  t o  t h e  "AND" g a t e  w i l l  be i n  the  "high" 
s t a t e  and t h e r e  w i l l  be an output  from the  g a t e  which i s  appl ied  
t o  a D/A converter .  T h e  d ig i ta l - to-ana log  converter  c o n t r o l s  t h e  
c u r r e n t  i n t o  an ope ra t iona l  ampl i f i e r .  The output  of the opera- 
t i o n a l  ampl i f i e r  w i l l  be a s t a i r c a s e  vol tage  waveform which is  
N 
N 
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comprised of 32 steps. Each step will increase the frequency of 
the VCXO by 31.2 Hz. The duration of each step is governed by 
the PRF of the clock, and will be 10 milliseconds for a clock 
pulse repetition frequency of 100 Hz. It is readily seen that 
the VCXO can be staircase voltage tuned through 1000 H z  in 320 
milliseconds. The duration of each step provides more than ade- 
quate time for initial lock-up to occur. When lock-up has been 
achieved, there will be no output from the "lock-indicator" and 
no further clock pulses will be permitted to change the state of 
the digital-to-analog converter. 
In conclusion, a phase-locked loop for this application will 
provide the necessary phase and frequency measurement accuracy. 
However, the narrow loop bandwidth and fast acquisition time re- 
quirements may dictate a need for a simple sweep acquisition loop 
as described herein. 
Another important unit of the instrumentation is the frequency 
average counter. The function of this unit is to weight the data 
contained in the zero crossing register in accordance with a pre- 
scribed sequence. The weighted data is then summed in an accumu- 
lator for Subsequent serial transmission. Weighting of the data 
is in accordance with time. The sequence of weighting for channel 
I is to weight t 
t 
at 1, t2 at 2, etc.; t200 at 200, t201 at 199, 
Alternately, the same information 
1 
at 198, etc.; t400 at 1. 
202 
is weighted and accumulated in channel I1 by weighting t at 200, 1 
t 
200. 
at 199, t 2 3 at 198, etc.; t200 at 1, t201 at 2, etc.; t at 400 
The block diagram to implement the logic of the frequency 
average counter is contained in Figure 4-5. It consists of a 
4-10 
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1 7  b i t  zero  cross r e g i s t e r ,  two up/down counters  which count i n  
accordance wi th  t h e  weighting requi red ,  two s e r i a l  mul t ip ly  logic 
channels,  t w o  accumulators t o  sum t h e  weighted da ta  and c o n t r o l  
l o g i c  t o  perform a l l  the requi red  t iming f o r  sequencing t h e  func- 
t i o n s .  
The block diagram of t h e  mul t ip ly  l o g i c  i s  self-explanatory.  
It performs s e r i a l  m u l t i p l i c a t i o n  i n  accordance with the  informa- 
t i o n  contained i n  t h e  ' IC" r e g i s t e r .  T h e  "C" r e g i s t e r  i s  an up/ 
down counter  which counts i n  r e l a t i o n  to  t h e  weighting f a c t o r  of 
t he  da ta .  For channel I it s t a r t s  counting a t  1 and sequences up 
t o  200 before s t a r t i n g  t o  count down t o  1 a t  t400. 
it s t a r t s  counting a t  200 and sequences down t o  1 before  s t a r t i n g  
t o  count up t o  200. Af te r  a count i s  incremented, t h e  b ina ry  
number contained i n  the register i s  s h i f t e d  and r e c i r c u l a t e d  u n t i l  
t he  same number is  contained i n  i t s  r e g i s t e r .  Each m u l t i p l i e r  b i t  
i s  de tec ted  i n  t u r n  ( i n  the LSB p o s i t i o n )  and i f  t h e  b i t  i s  a "1" 
t h e  conten ts  of t h e  "A" r e g i s t e r  a r e  added t o  t h e  conten ts  of 
r e g i s t e r  IIB", m o s t  s i g n i f i c a n t  h a l f  product which i s  i n  r e a l i t y  
an accumulator. Af t e r  each mul t ip ly  cyc le ,  t h e  conten ts  of reg- 
ister 'IB" (MSHP and LSHP) i s  s h i f t e d  r i g h t  before  the  following 
p a r t i a l  product t o  t h e  l e f t  and then adding. Regis ter  "B" sums 
For channel I1 
up p a r t i a l  products t o  ob ta in  t h e  f i n a l  product.  I f  t he  b i t  i n  
t h e  ' IC" r e g i s t e r  i s  a " 0 "  ( i n  the LSB p o s i t i o n )  then the  conten ts  
of t h e  "B" r e g i s t e r  a r e  simply s h i f t e d  r i g h t  (without adding the  
conten ts  of r e g i s t e r  "A" t o  r e g i s t e r  ' t B ' ' ) e  The c e n t r a l  p a r t  of 
the  mul t ip ly  l o g i c  i s  a f u l l  adder (sum matr ix)  w i t h  c a r r y  l o g i c  
(car ry  ma t r ix ) .  Af t e r  each t i m e  s l o t  and mul t ip ly  cyc le ,  t h e  
conten ts  of the 'IB" r e g i s t e r  a r e  s h i f t e d  i n t o  the  accumulator 
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which is large enough (33 bits) to store the accumulated sum of 
all the weighted data for subsequent transmission. Channel I and 
Channel I1 are alternately sampled every second. 
Weight 
(lbs. ) 
1 
1 
3 
2 
The overall weight, size and power consumption of the payload 
required by the experiment is given in Table 4-1. 
S i z e  
( in . )  
10 x 2.5 x 2.5 
10 x 1 x 0.5 
1 O x l x 2  
10 x 2.5 x 5 
TABLE 4-1 
SUMMARY OF EQUIPMENT CHARACTERISTICS 
1 
6 
Transmitter 
Phase Locked Loop 
400 MHz Ampl 
800 MHz Ampl 
Re ce ive r 
Phase Locked Loop ( 2 )  
Phase Detector and Counter (2) 
Bat te r ies  
Antennas 
TOTALS 
10 x 2.5 x 2 
10 x 2.5 x 5 
1 
15 
--- 
10 x 12 x 5 
Peak 
Power 
(W 1 
1 
40 
12 0 
2 
1.5 
-- 
164.5 
0.1 
1.6 
4.8 
0.1 
0.1 
6.7 
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4.2 INSTRUMENTATION INTEGRATED IN THE COMMUNICATION 
SUBSYSTEM OF THE SPACECRAFT 
A solution that would have the undeniable merit of economy 
could be worked out along the general guidelines of using the 
communication equipment on board the spacecraft as instrumentation 
for the orbiter-to-orbiter radio probing. 
By looking into the details some of the appeal of this approach 
disappears because there are some functions (like antenna gain, 
for instance) in which the two requirements (communicating and 
probing) are in conflict. 
However, some saving is certainly possible and in order to 
give an example of what this solution entails, we studied the case 
of the Viking mission ( 2  orbiters and 2 landers on Mars in 1973). 
Figure 4-6 shows the simplified block diagram of the radio 
links involved in the original Viking scheme. By considering a 
single frequency (2200  MHz) probing, only minor additions are 
required to make the original communication system suitable for 
an orbiter-to-orbiter link. 
Each of the phase-coherent S-band transponders could be made 
suitable to operate either in the standard mode, Orbiter-DSN link, 
or change (by command) to the orbiter-to-orbiter link mode. 
With reference to Figure 4-7, Orbiter I (mother) closes the 
loop with DSN with the upgoing frequency f and the downgoing 
The frequency f is radiated through the low-gain frequency f 
antenna already on board and reaches also Orbiter I1 (daughter). 
2 Orbiter I1 has a second phase-lock receiving channel tuned at f 
1 
2 '  2 
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Figure 4-7 
Frequency Allocat ion Scheme fo r  Orbi ter- to-Orbi ter  Probing 
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and when working i n  t h e  o r b i t e r - t o - o r b i t e r  mode t h e  emi t ted  fre- 
quency f is  coherent  w i th  f i n s t ead  of being locked t o  f 
frequency f r a d i a t e d  by t h e  Orbiter I1 low-gain antenna, reaches 
O r b i t e r  I ,  w h e r e  a second phase locked channel tuned a t  f r ece ives  
it. Phase d e t e c t i o n  and counting a r e  then performed, s i m i l a r  t o  
what was descr ibed  i n  Sec t ion  4.1. The role of mother and daughter 
can be exchanged between the  t w o  orbiters and t h e  a d d i t i o n a l  equip- 
ment needed i n  both is: 
The 
3.  4 2 
4' 
4 
a .  a second phase-locked rece iv ing  channel 
b. a phase detector and counter  
c. switching func t ions  i n  t h e  command c i r c u i t s  
d. frequency syn thes i s  u n i t .  
The implementation of a two-frequency probing (400 MHz and S-band) 
would involve the add i t ion  on each o r b i t e r  of a 400 MHz t ransmit-  
ter, t h e  d e r i v a t i o n  of t he  b a s i c  f requencies  f o r  XMTR master 
o s c i l l a t o r  and RCVR l o c a l  o s c i l l a t o r  f r o m  t h e  S-band phase-locked 
loop ( t h a t  would a s su re  coherence between the  two probing fre- 
quencies) and t h e  add i t ion  of a frequency syn thes i s  u n i t  and of 
a phase comparator and of a frequency counter  (Figure 4-8). 
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5. CONCLUSIONS AND Rl3COMMENDATIONS 
Orbi te r - to-orb i te r  r a d i o  o c c u l t a t i o n  probing of p l ane ta ry  
atmospheres and ionospheres has been a t o p i c  i n  which Raytheon 
Company has performed research  a c t i v i t y  s i n c e  1965. In  a d d i t i o n  
t o  a cont inuing in-house e f fo r t ,  NASA-Marshall Space F l i g h t  Center 
d i d  sponsor i n  1967 (Contract  NAS8-21222, F i n a l  Report R67-4537 
da ted  D e c e m b e r  19,  1967) the  study of the  app l i ca t ion  of t h e  method 
t o  t h e  dua l -orb i te r  Voyager mission. 
In  t h i s  a c t i v i t y ,  t h e  o r b i t s  of the  t w o  s a t e l l i t e s  have always 
been assumed coplanar and the  missions considered w e r e  s t r i c t l y  
Mars o r i en ted .  
These t w o  l i m i t a t i o n s  have been removed i n  t h e  research  pro- 
gram here repor ted ,  and non-coplanar o r b i t e r s  of t h e  Viking c l a s s  
i n j e c t e d  around both Mars and Venus have been taken a s  the funda- 
mental b a s e l i n e  f o r  t h e  eva lua t ion  of t he  e f f e c t i v e n e s s  of t h e  
o r b i t e r - t o - o r b i t e r  probing scheme. 
The r e s u l t s  of t h i s  s tudy confirm t h e  e a r l i e r  expec ta t ions  
t h a t  t h e  method has the  main advantage of allowing a broad l a t i -  
t ud ina l  and long i tud ina l  coverage of t h e  Martian and Venusian 
atmospheres and ionospheres w i t h  t h e  same accuracy t h a t  charac te r -  
i z e s  t h e  s tandard flyby-to-Earth and orbi ter- to-Earth o c c u l t a t i o n  
schemes. 
S p e c i f i c  choices of t h e  o r b i t a l  parameters a f f e c t  the  volu- 
metric coverage achievable  by t h e  method. The computer programs 
t h a t  w e r e  generated i n  t h i s  program evalua te  t h e  coverage 
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numerically and have been written in such a form that by changing a 
few input cards, any set of values for the two orbits can be 
accommodated and the coverage plotted. 
In addition, the method removes any deteriorating influence 
that the interplanetary medium and the Earth's ionosphere and 
atmosphere could have on the phase measurements. The added com- 
plexity does not seem to be significant, as far as the instrumenta- 
tion is concerned. From the standpoint of the increased operational 
burden, this also does not appear to be a factor capable of over- 
shadowing the advantages of the method, now that other DSN stations 
besides Goldstone are equipped to track planetary orbiters and 
deep space probes. 
The problem areas that we have encountered reduce essentially 
to one: the profile inversion of the Venus atmosphere, where the 
radio rays are strongly bent and the customary inversion algorithms 
like the Abel transform are either inapplicable or too expensive 
in computer time. 
This problem is, of course, common to all radio occultation 
schemes, and not just limited to the orbiter-to-orbiter probing. 
Because the solution of this problem would be of benefit to 
any project involving the radio probing of dense planetary atmo- 
spheres (like the one of Venus, Jupiter, etc.) in flyby, single 
orbiter missions, dual-orbiter schemes, etc., we recommend that 
NASA give sponsorship to an analytical effort attempting its solu- 
t ion. 
Elsewhere in this report we have indicated that a possible 
approach could be based on the use of profile inversion methods 
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used i n  seismology and a p o s s i b l e  follow-on effort t o  t h e  s tudy 
here  repor ted  could be performed along these  l i n e s .  
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